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ABSTRACT 
The Upper Turonian Codell Sandstone Member of the Carlile Shale in the 
northern Denver Basin is a hydrocarbon-bearing sandstone that has produced primarily 
from the Wattenberg Field, northeastern Colorado, since the early 1980s. Until recently, 
attempts to produce from the Codell Sandstone north of Wattenberg Field have resulted 
in promising hydrocarbon shows with minimal to no economic value. Current horizontal 
drilling and multistage fracturing technology is proving the Codell Sandstone can be 
produced from outside of Wattenberg Field with exceptional potential hydrocarbon 
recoveries. A significant area between Wattenberg Field and Silo Field in southeast 
Wyoming remains unproven. 
The Codell Sandstone is a low porosity and low permeability argillaceous 
sandstone and a classic low resistivity pay interval. The large clay content of the Codell 
Sandstone is responsible for masking typical well log readings of sandstones and 
hydrocarbon rich zones. The clays are also the cause for the difficulty in completing and 
producing from the sandstone by conventional means. Understanding the properties of 
the Codell Sandstone and the clays within its matrix is crucial to deciphering well logs 
and determining where the sandstone is rich in hydrocarbons in the northern Denver 
Basin. 
Outcrops along the Colorado Front Range and multiple cores deeper in the basin 
illustrate how the Codell Sandstone was deposited in a shallow marine environment. A 
series of storm events and periods of quiescence during the Turonian separated the 
Codell Sandstone into three facies. Tempestite laminae are sandwiched between lower 
and upper heavily bioturbated facies of the Skolithos ichnofacies. The three facies can 
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be recognized in well logs and mapped as three individual lithofacies. Thin section 
analysis, SEM imaging, and regional mapping show that the Codell Sandstone did not 
travel great distances during deposition from a northwestern source. XRD 
measurements characterized authigenic clays, which further explains high gamma and 
neutron density readings in the argillaceous sandstone and suppressed resistivity 
measurements in hydrocarbon-bearing zones. 
Analysis of heat distribution and synthetic vitrinite reflectance throughout the 
region more accurately identify where hydrocarbon source beds have the greatest 
potential to generate oil and gas and where migration is occurring. As a primary source 
of hydrocarbons for the Codell Sandstone, formation temperatures were normalized to 
the C-Bench of the Niobrara Formation. Basin modeling of structure, burial depth, 
thickness, and effective porosity in proximal relation to source rocks within the vicinity of 
anomalously high heat and thermal maturity designate zones of greater probability for 
the successful production of hydrocarbons north of the Wattenberg Field. 
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The objective of this research is to investigate the petroleum potential of the 
Codell Sandstone Member of the Carlile Shale in the northcentral Denver Basin 
(northern Colorado and southeastern Wyoming). This study evaluated the low 
resistivity, low porosity, and low permeability Codell Sandstone that is currently a viable 
unconventional target in the area between Silo and Wattenberg Fields. This region may 
have significant hydrocarbon reserves now economically producible with advanced 
drilling and completion methods.  
Thermal maturation in the area was evaluated to recognize hydrocarbon 
generation, particularly maturation within the Niobrara Formation as a major source of 
hydrocarbons for the Codell Sandstone (Sterling et al., 205). Basin stratigraphy and 
thickness of the Codell Sandstone were mapped to determine possible migration 
pathways from thermally mature areas. Facies analysis of the Codell Sandstone 
detailed reservoir quality and distribution. 
1.2 Study Area 
The study area lies within the Denver Basin, bounded by the Front Range to the 
west and the waning thermal maturity updip and just outside of the northeasterly-
trending Transcontinental Arch or Colorado Mineral Belt (COMB) on the east. The 
portion of the Colorado Mineral Belt important to this study is a subsurface, relatively hot 
northeast-trending thermal anomaly that extends from the Wattenberg Field to the 
borders of Colorado and Nebraska. The northern and southern extents of the study area 
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are defined by the edges of the Silo and Wattenberg fields. Figure 1.1, following page, 
shows the study area in relation to the greater Cretaceous Western Interior Seaway 
(KWIS). It portrays Middle-Carlile time during regression of the Greenhorn Seaway and 
prior to deposition of the Codell Sandstone. The depths within the study area are 
confined by the formations that are responsible for hydrocarbon sourcing, migration, 
and trapping, specifically the Niobrara Formation and the Carlile Shale. 
The study area was chosen to compare an area of minimal hydrocarbon 
production from the Codell Sandstone to areas of significantly successful productivity. 
Hydrocarbons production from the Codell Sandstone is present just outside of the study 
area in Silo Field, Wattenberg Field, and along the Colorado Mineral Belt trend. These 
areas continue to be actively exploited. Production within the study area is primarily 
from two fields, Hereford Field and Grover Field. Using the Public Land Survey System, 
the study area is roughly a rectangular region of the 6th Principal Meridian with corners 
at, and including, all of T8N R69W in the southwest and T13N R60W in the northeast 
(Fig. 1.2, page 4). In order to fully understand the Codell Sandstone regionally, the 
study area is not strictly bound by these graphical limits. They are given here to show 
the mapped area. The area of investigation is larger in order to study thermal maturity, 
stratigraphy, and cores beyond these limits for the comprehensive investigation. 
1.3 Methods of Investigation 
This study detailed thermal maturity of source rocks in the area of study, the 
depositional environment of the Codell Sandstone, and the diagenetic changes that 
have taken place within the reservoir. Understanding these three primary concepts is 
essential in predicting hydrocarbon accumulation potential supported by the reservoir 
2
Figure 1.1:  Deposition of the Codell Sandstone in relation to chronolithologic units 
within the Cretaceous Western Interior Seaway. Mid-Carlile time during regression of 
the Greenhorn Seaway (Modified from Haun et al., 1972). The approximate Study Area 
is outlined in the red square. 
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quality. 
The depositional environment was delineated by studying grain size, texture, and 
ichnofacies in outcrops and core. Outcrops of the Codell Sandstone are rare within the 
study area. Two outcrops north of Fort Collins, Colorado were studied; however, only 
one outcrop is fully exposed and shows the entire interval of the Codell Sandstone. 
Core was viewed at the USGS Core Research Center (CRC). Most of these cores had 
petrographic thin sections available to study. Where sampling was needed for 
Figure 1.2:  Study area (green square) showing the extents of Wattenberg and Silo 
Fields, horizontal permits inside the Fairway area, and the Colorado Mineral Belt 
(COMB) trend. States are outlined in dark dotted lines and abbreviated in green. 
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petrographic analyses, rock samples were taken from the CRC cores for making 
petrographic thin sections. Ten cores were studied and described to build an 
understanding of the depositional environment. Detailed core descriptions are included 
in Appendix A. 
Samples were taken from three cores for petrographic thin sections, SEM, and 
XRD analyses. A total of 16 petrographic thin sections were created and impregnated 
with blue fluorescent epoxy to determine porosity with an epifluorescence microscope. 
In addition, 32 standard existing thin sections were borrowed from the CRC. A total of 
20 SEM samples were created and analyzed in the geology SEM lab at the Colorado 
School of Mines. XRD sampling and data collection were completed at Weatherford 
Laboratories in Golden, Colorado, and incorporated with existing data to characterize 
clay types and measure clay percentages. 
Well data, well logs, and raster images were collected from both IHS and the 
Colorado Oil and Gas Conservation Commission (COGCC) data and mapping website: 
Colorado Oil and Gas Information System (COGIS). At the time of this study there were 
990 wells with porosity and resistivity well logs that penetrated below the Codell 
Sandstone. These wells were used in this study and mapped through IHS Petra 
software program (Fig. 1.3, following page). Wells with core are circled in orange and 
outcrops as red diamonds in blue. Four cores are not shown in Figure 1.3 because they 
are south of the study area. Data collection and formation tops were picked and 
correlated with Petra software. All mapping and calculations were performed within 
Petra modules. 
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1.4 Historical Denver Basin Production of The Codell Sandstone 
Hydrocarbon exploration and production in the Codell Sandstone began in 1955. 
At that time, and continuing until the 1980’s, it was common to bypass both the Niobrara 
Formation and Codell Sandstone in search of the more lucrative underlying 
hydrocarbon reservoirs in the D and J Sandstones. The proven methods from decades 
of vertical drilling and completion techniques, which usually involved hydraulically 
fracturing of the objective formation, made targeting these conventional reservoirs 
economically appealing. The first attempts at production in the Codell Sandstone 
Figure 1.3:  990 wells used for mapping in the study area. Wells with core studied 
are circled in orange. Blue circled diamonds are researched outcrops. NOTE – four 
cores are outside of the study area to the south. 
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utilized these same drilling and completion techniques and continued through the late 
1990’s. The outcome from vertical wells was usually minimal production from the Codell 
Sandstone. The Codell Sandstone was often commingled with other formations. In 
2009, the EOG Resources’ Jake well in Hereford Field combined horizontal drilling and 
hydraulic fracturing techniques to prove that economic volumes of hydrocarbons could 
be produced from the Niobrara Formation outside of Wattenberg Field. This test 
resulted in production from both the Niobrara Formation and Codell Sandstone in this 
area. An increasing number of horizontal wells specifically targeting these formations 
have since been drilled along the edges of the Wattenberg and Silo Fields, greatly 
expanding the productive area. 
The #1 Pallaoro, NE SW Sec 7, T5S, R69W (65 miles south of the study area), 
drilled in 1955, was the first well to successfully produce from the Codell Sandstone in 
the Denver Basin. It was drilled southeast of the town on Morrison in Jefferson County 
and produced from 24 ft. of sandstone between 8956-8980 ft. The #1 Pallaoro came 
online initially producing 361 bbls of oil per day (BOPD) with high pressure. According to 
the geologic report, the cored section of the Timpas Limestone and the Codell 
Sandstone were bleeding oil and gas (Kennedy, 1983). The Timpas Limestone is an 
abandoned name for the Fort Hays Limestone. Bleeding oil and gas is an industry term 
meaning the core was wet with oil and outgassing natural gas. A north offset was 
unsuccessfully drilled that year in the field now designated Soda Lake. Within a year, 
production from the #1 Pallaoro declined to 12 BOPD and was shut in after producing a 
total of only 15,275 bbls of oil (Kennedy, 1983). Exploration in the Codell Sandstone 
ceased for almost a decade. In 1964 and 1968, two wells were drilled in Larimer 
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County, one in Loveland Field the other in Berthoud Field (the #1 Albert H Mitze located 
in SE NE Sec. 21 T4N R69W). These wells produced from shallow Codell Sandstone 
intervals of 6 ft and 28 ft thick with tops at 4735 ft and 3721 ft measured depth (MD), 
respectively. The shallower well had a fracture treatment but was shut-in after producing 
only 550 bbls of oil and 220 MCF of gas (Kennedy, 1983). The deeper well was a multi-
pay well with commingled zones in the Niobrara Formation, the Codell Sandstone, and 
the Lakota Sandstone. These three early wells produced along the steep, east-dipping, 
western-flank of the Denver Basin. 
From 1970 to 1980, 20 wells successfully produced hydrocarbons from the 
Codell Sandstone. Production was always commingled with one or more other 
formations such as the deeper J Sandstone, or shallower, Niobrara Formation, Fort 
Hays Limestone (Timpas Limestone), or Terry (Sussex) Sandstone. During this early 
period of Codell Sandstone exploration, operators primarily drilled wells targeting the 
deeper Cretaceous D and J Sandstones. These sandstones offered a bigger overall 
area for exploration and greater chance for production than the Codell Sandstone. 
Additionally, the higher porosity and permeability of the D and J Sandstones made for 
more lucrative target reservoirs at that time. When targeting the Codell Sandstone 
inside the thermally mature Wattenberg Field, the best strategy, which also became the 
standard drilling and completion technique for the time, was to dually complete the 
Niobrara-Codell wells. This was accomplished by completing each horizon leg 
individually but at the same time (Paterniti and Losacano, 2013) using limited entry. For 
that reason, it is difficult to state the exact initial production (IP) rate of the Codell 
Sandstone unless it was completed and tested separately. Just a few commingled well 
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IP’s reached more than 100 bbls per day; most were lower. The lowest initial rate was a 
Codell only producer at 8 BOPD. The first Codell production from Silo Field was from a 
well drilled in 1978 by Amoco Production Company, the #1 Champlin-373 Amoco-A, 
located in Sec. 11, T14N, R66W. The well was completed in both the Niobrara and 
Codell for an initial production of 6 bbls of oil and 1 bbl of water per day (Kennedy, 
1983). 
Of the aforementioned 20 wells, 19 were drilled in Colorado and one in Wyoming. 
The 19 wells drilled in Colorado are now considered to be inside the Wattenberg Field 
which grows larger each year as more wells are drilled along its edges. In 1981, Energy 
Oil completed a Codell well in what is now central Wattenberg. After learning from poor 
fracture treatments on previous wells, the #1 Grant Arens, NW NE Sec. 22, T4N, R65W, 
was successfully fracture stimulated and completed with an IP of 80 bbls of condensate 
per day and 750 thousand cubic feet of gas per day (MCFPD). Thus began the vertical 
Codell play in the northern Denver Basin with 21 Codell wells drilled and completed in 
1981 and 92 in the following year (Kennedy, 1983). 
Several Codell Sandstone attempts were made within the study area in the early 
1980’s with only a few marginal successes. Aztec Resources’ #1-34 Kinnison, NW SE 
Sec. 34, T9N, R61W, had an IP of 25 BOPD and 9 MCFPD. Two wells that are 
important to this study because they now lie within the current region of successful 
horizontal Codell production came online producing less than the #1-34 Kinnison. The 
11-03 Wilkinson, NW NW Sec. 3, T8N, R66W, and the #1 McDowell 11-8, NW NW Sec.
8, T13N, R63W, were both completed on pump with rates of 7 BOPD, 60 MCFD, and 20 
BOPD, 14 MCFPD, 7 bbls of water per day, respectively. 
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One of the more successful wells with core examined in this study is the Brook’s 
Exploration’s Harrington #2-30, Sec 30, T6N, R66W. It was drilled into the Cretaceous J 
Sandstone to a total depth (TD) of 7685 ft (MD) in 1982 (COGIS, 2016). The well initially 
tested a gas/oil ratio (GOR) of 14 MCF/bbl oil. Now operated by Noble Energy, Inc., the 
well continues to flow 16 barrels of oil per month and has cumulative production of 12.8 
MBO, 95.3 MMCF, and 555 barrels of water. This well is significant due to its long 
production history from the low resistivity Codell Sandstone. Additionally, it was drilled 
within the first year of the Codell Sandstone play of the 1980’s. The Harrington #2-30 is 
a Codell Sandstone only producing well. It illustrates that bypassed pay was present in 
local wells with similar petrophysical properties that were not perforated in the Codell 
Sandstone interval. 
Codell Sandstone drilling was primarily focused in the Wattenberg area until 
Amoco successfully proved the Codell Sandstone productivity in Silo Field in 1983. 
Stream Inc. made a single attempt in 1984 at the northeastern end of the Colorado 
Mineral Belt, close to what is now a successful horizontal Codell play. The Rasmussen 
#1 located at NE SW Sec. 31, T11N, R55W cored and tested 56 ft of Fort Hays and 
Codell Sandstone. The core bled oil and gas from the 21 ft thick Codell Sandstone 
interval. Using vertical conventional techniques from the mid-1980’s, only 8 ft of the 
most porous and permeable sandstone section of the Codell was considered to be 
producible in this well. The laboratory calculated 519 bbls of original oil in place 
(BOOIP)/acre-ft. That equates to 2.7 MMBOOIP per section from only the 8 most 
permeable feet of the Codell Sandstone. Using the same calculations for the entire 21 
feet of Codell Sandstone calculates 7MMBOOIP per section. These numbers are similar 
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to those reported today by successful industry operators. The well proved to be 
uneconomic after 15 months of pumping due to low flow rates from the tight sandstone 
and was subsequently shut-in (COGIS, 2016). With the Codell Sandstone production in 
Wattenberg and Silo Fields, conventional drilling of thousands of wells targeting that 
sandstone carried on almost exclusively in Wattenberg Field until 2009. The ability to 
restimulate the Codell Sandstone made it a lucrative target. Post recompletion 
production increased to levels at or just below initial production. Decline curves increase 
and remain similar to those of initial completion. Fracture reorientation and increased 
fracture lengths between 300 ft – 400 ft longer contribute to improved production (Moore 
and Ramakrishnan, 2008). 
The Niobrara horizontal drilling play started in 2009 in the Denver Basin with 
EOG Resources’ successful drilling of the Jake #2-01H, SE NW Sec. 01, T11N, R63W, 
in Hereford Field. The Jake #2-01H had an IP of 1558 bbls of oil equivalent per day 
(BOEPD) and averaged 555 BOEPD for the first 90 days (COGIS, 2016). Six years after 
the well’s completion, Codell Sandstone exploration is successfully moving south from 
Silo Field and north from Wattenberg Field. Active horizontal drilling technology and 
multi-stage hydraulic fracturing methods now extend to the southern Wyoming-Colorado 
border and along the Colorado Mineral Belt demonstrating that the Codell Sandstone is 
a viable reservoir for hydrocarbons just outside of the Wattenberg and Silo Fields. In 
November 2014, EOG Resources, a major operator south of Silo, reported an estimated 
ultimate recovery (EUR) of 695 MBOE from one of the horizontal Codell wells in their 
area (Fig. 1.4, following page). 
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Estimates from horizontal wells completed in the Niobrara Formations were 430 MBOE 
EUR/well (EOG, 2014). Whiting Petroleum Corporation’s Redtail Field area is inside the 
Colorado Mineral Belt on the eastern extent of the study area. Whiting recently reported 
an OOIP of 11MMBOE/960ac in the comingled Fort Hays and Codell formations, or 
7.3MMBOE/section (Whiting, 2015). The horizontal Codell play has yet to be proven 
between these two major fields, outside of Hereford Field and the Colorado Mineral 
Belt. 
Figure 1.4:  Current Codell Sandstone operations with EUR from major operators 
around the study area. Established fields are outlined in green, new horizontal 
plays are outlined in orange. Rasmussen #1 is just off the map to the east – orange 
star represents its closest position to the map. Note the East Pony and Redtail 




2.1 Geologic History of the Basin 
Approximately 98 Ma, an anomalously thick and cool oceanic slab from the 
Farallon subduction crossed beneath western Wyoming and Colorado. The negative 
buoyancy and viscous pull from the shallow eastward dipping Farallon slab resulted in a 
high rate of subsidence below eastern Utah and western Wyoming. Far to the east, low 
magnitude subsidence was experienced due to the deeper leading edge of the slab 
having much less influence. The western motion of the North American plate over the 
slab caused the depocenter to migrate east in relation to the shallow Farallon slab with 
a maximum subsidence of 3,050 ft by 75 Ma (Liu et al., 2011). This was the initial 
driving force of the Western Interior Basin’s (WIB) asymmetric steeply dipping western 
and shallower eastern trough-shape (Fig. 2.1). 
The present shape of the Denver Basin and geomorphic structure of the Rocky 
Figure 2.1: Generalized cross section and sedimentary sequence of the Cretaceous 
Western Interior Basin between Utah and Iowa. The upper cross section shows the 
main Laramide uplifts after the final Cretaceous epicontinental regression during 
Maastrichtian time (Kauffman, 1977). 
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Mountain Front Range were largely formed during the Laramide Orogeny (latest 
Cretaceous to the Eocene). Compressional forces reactivated Precambrian north-
northwest trending faults resulting in uplift, exposure, and erosion. During this orogeny 
the north-northwest trend of the Front Range of the Rocky Mountains developed.  
Total structural relief from the top of the Front Range to the bottom of the 
Precambrian basement is approximately 21,000 ft. Approximately 1,800 ft of sediment 
was deposited in the basin from this erosion, contributing to the 8,000 ft deposited 
during Jurassic through Cretaceous time (Sonnenberg and Bolyard, 1997). Uplift of the 
Front Range occurred through Miocene, Pliocene, and Pleistocene with indications of a 
continued lowering of base level in the Front Range area (Sonnenberg and Bolyard, 
1997). Figure 2.2 shows a diagrammatic cross section of the Denver Basin at the 
southern edge of the study area. It also shows the oil generation window with respect to 
basin depth and the important spatial relationship of mature Niobrara Formation source  
Figure 2.2:  West to east cross section of the Denver Basin. The section spans from 
the eastern edge of the Front Range, cutting through the very northern tip of 
Wattenberg Field to just inside western Nebraska. Dark dotted line delineates the oil 
generation window (Sonnenberg, 2011). 
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rock overlying the Codell Sandstone reservoir rock in the west to west-central portion of 
the basin. Note, the entire study area lies well within the mature Niobrara Formation 
window. Maturity is discussed in further detail in chapter 6. 
Higher rates of subduction in the western portion of the basin created greater 
accommodation and allowed thicker depositional wedge in the west and thinner units in 
the east. Eustatic changes in sea level and progradation of coastlines resulted in 
several transgressive-regressive cyclothems in the Western Interior Basin (Tainter, 
1984). During maximum flooding the Cretaceous epicontinental sea extended 
approximately 3,000 miles from the Arctic Slope of Canada to the Gulf of Mexico and 
900 miles wide near its center (Kauffman, 1969). Hydrocarbon source rocks were 
deposited during times of eustatic sea level rise and conventional sandstone reservoir 
rocks were deposited during eustatic lowering of sea level (Tainter, 1984). Massive 
sandstone units of marginal marine-coastal plain deposits mark the beginning of 
transgression and final phase of regression (Kauffman, 1969). Five third-order 
cyclothems took place in the Cretaceous. In chronologic order they are:  the Kiowa-Skull 
Creek Cyclothem, the Greenhorn Cyclothem, the Niobrara Cyclothem, the Clagget 
Cyclothem, and the Bearpaw Cyclothem (Kauffman, 1985). Development of widespread 
fine-grained foraminiferal-rich carbonates took place during maximum transgression for 
each cyclothem, with one exception. The Kiowa-Skull Creek Cyclothem contains the 
Mowry Shale, which is a silica-rich radiolarian mudstone. Progressive tectonism and 
transgressive / regressive cycles occurred throughout deposition of the Carlile Shale 
and Niobrara Formation. Three major unconformities developed during this period due 
to sea level changes:  the 97 Ma, 90 Ma, and 80 Ma unconformities (Weimer, 1984). 
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The Codell Sandstone of northeast Colorado and southeast Wyoming was 
deposited in shallow water along the eastern edge of the Western Interior Basin. The 
Codell Sandstone represents the final regression of the Greenhorn Cyclothem in the 
Cretaceous Western Interior Seaway (KWIS) and the beginning of the transgression of 
the Niobrara Cyclothem. The Greenhorn regression took place during the Middle 
Turonian, from approximately 92.46 Ma +/- 0.58 Ma to 90.60 Ma +/- 0.46 Ma 
(Merewether et al., 2011). The entire Greenhorn regression occurred in approximately 2 
m.y. (Kauffman, 1977). The Codell Sandstone was the last of the Greenhorn cyclothem
sediments deposited during this time, followed by calcareous deposits of the Niobrara 
Cyclothem transgression. 
The distribution of the Codell Sandstone is related to tectonics, shelf 
sedimentation, and sea level changes (Weimer et al., 1986). Depending on the 
magnitude of sea level fall, lowstand erosion and removal of slope and shelf deposits 
can take place through subaerial exposure or wave energy (Weimer, 1984). Five east-
northeast trending paleostructures (Fig. 2.3, following page) are present in the north-
central Denver Basin, and are grouped into a broader structural arch, the 
Transcontinental Arch (Weimer, 1978). The Transcontinental Arch was a major factor in 
uplift and erosion throughout the basin during this time (Weimer, 1978). 
Three structural uplifts were present in the vicinity of the study area between 94 
Ma and 89.5 Ma. These structures played a significant role in seaway circulation, 
deposition/non-deposition, and both submarine and subaerial erosion (Weimer, 1978). 
In chronologic order, the uplifts are the Wattenberg High, the Morrill County High, and 
the Hartville High. During the 90 Ma lowstand sea-level event, broad structural doming 
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took place in central Wyoming (Weimer, 1984). Between 89.5 Ma and 89 Ma, a second 
drop in sea level and regional doming in northern Colorado occurred (Weimer et al., 
1986). Combined, these factors are responsible for the unconformities bounding the  
Figure 2.3: Map showing uplifts within the study area 
(after Weimer, 1984; Merewether and Cobban, 1985). 
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lower and upper contacts of the Codell Sandstone in the study area. Merewether and 
Cobban (1985) attributed the lower unconformity to the Morrill County High, 90.5-90.0 
Ma, and the upper unconformity to the Hartville High, 90.0-89.5 Ma, (Fig. 2.3 & Fig. 2.4). 
The Codell Sandstone was deposited between these unconformities, and the duration 
of deposition ranges from 0.5 to 1 million years. 
Complete flooding of the Hartville High area occurred in the northern Denver 
Basin at 88.8 Ma, connecting the north and south arms of the Western Interior Seaway 
(Kauffman et al., 1993). The transgression allowed an influx of warm tropical waters 
from the Gulf of Mexico northward into the interior seaway (Fig. 2.4). This flooding is 
Figure 2.4: Model of Niobrara deposition in the Interior Western Seaway showing 
warm and cold currents’ affect on chalk development and purity. Four 
Transcontinental uplifts are also shown (modified from Longman et al., 1998). 
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perhaps the single most important factor in carbonate deposition of the Niobrara 
Formation (Longman et al., 1998). Sea level continued to rise, depositing the Juana 
Lopez calcarenite, primarily in the south, and the Sage Breaks Member in the north 
(Weimer and Sonnenberg, 1983). Warm southern currents moved northward and 
produced environments where abundant coccoliths and planktonic foraminifers 
flourished in Fort Hays Limestone, the lowest member of the Niobrara Formation. The 
Hartville High acted as a barrier to limestone deposition. There is no Fort Hays 
Limestone north or west of the uplift (Merewether and Cobban, 1985; Longman et al., 
1998). Subsequent deposition of chalks and marls in the Smoky Hill Member of the 
Niobrara Formation was controlled by the interaction of climate, sea level, and current 
flow. Cooler water temperatures from the northern KWIS mixed with warmer water from 
the south in a counterclockwise current flow (Longman et al., 1998). The purity and 
thickness of the chalks is related to sea level and currents from both the northern and 
southern parts of the seaway. During periods of dominant warmer water influx from the 
south, paleo-Gulf of Mexico currents produced environments rich in carbonate flora 
(coccoliths). In-place precipitation resulted in chalkier deposits, especially along the 
shallower eastern flank. Conversely, when current flow became dominantly southerly, 
cooler arctic waters flowed south, blocking carbonate production northward, resulting in 
shaley-marly deposition (Fig. 2.4). Chalk deposition in the western part of the seaway 
was significantly restricted by rainfall and siliciclastic flux from the overthrust belt 
(Longman et al., 1998), especially during regression. Typically, transgressive periods 
resulted in chalkier deposits and regressive periods resulted in marl-dominated 
deposition. 
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2.2 Regional Stratigraphy 
The Carlile Shale of northeastern Colorado, southwestern Nebraska, and 
southeastern Wyoming consists of five members. In ascending order they are the 
Fairport Chalky Shale, Blue Hill Member, Codell Sandstone, Juana Lopez Member, and 
the Sage Breaks Member (Weimer and Sonnenberg, 1983; Geolex, 2015). A global 
maximum sea level highstand occurred in the Lower Middle Turonian, during which time 
the lowest member of the Carlile Shale, the Fairport Chalky Shale, was deposited 
(Merewether et al., 2011). 
The stratigraphic column (Fig. 2.5, following page) includes surrounding 
formations with subtle nomenclature differences between the northern and southern 
Denver Basin. North of the study area in the Powder River Basin, the Carlile Formation 
consists of the Pool Creek Member (shale), Turner Sandy Member (sandstone), and 
Sage Breaks Member (shale) (Weimer and Flexer, 1985). Those units are easily 
recognizable in northeastern Wyoming and surrounding areas. They are more difficult to 
recognize and correlate in southeastern Wyoming where the Carlile Formation and 
Carlile Shale members meet, pinchout, and intertongue (Burk, 1956). The Carlile Shale 
and its members are present in cores in the study area but are not a focus of this 
evaluation. The Carlile Formation is discussed here to note depositional, erosional, 
lithologic, and nomenclature changes north of the study area. 
The Fairport Chalky Shale is olive-grey, very calcareous, fossiliferous, chalky 
shale with stringers of limestone throughout. The lower part consists of chalky limestone 
beds while the middle and upper beds are marlstone (Hattin and Siemers, 1987). It is 
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evenly bedded with variable bioturbation (Kauffman, 1977), and represents deposition 







































































































































































Figure 2.5: Stratigraphic column centered on the Carlile Shale. Subtle differences in 
nomenclature are present throughout the Denver Basin and are included here for 
comparison and completeness. MCH is Morrill County High. Dot-dash lines represent 
unconformities (modified from Weimer and Sonnenberg, 1983; Geolex, 2015). 
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The overlying Blue Hill Member is an evenly-bedded, dark blue-grey, clayey 
shale (Kauffman, 1977; Hattin and Siemers, 1987; Pinel, 1983). It coarsens from a 
shale base to siltstone and silty sandstone at top. Locally, interbeds of well-sorted, fine-
grained sandstone as thick as 8 inches are present in the upper portion. These 
sandstone beds are very similar to the overlying Codell Sandstone (Pinel, 1983). The 
bulk of the Blue Hill Member is non-bioturbated (Kauffman, 1977) and shows low 
benthonic biodiversity because of turbid water and an inhospitable soft muddy bottom 
(Hattin and Siemers, 1987). Fossils are rare in the Blue Hill Member; however, 
inoceramids are present in the lower facies. In southern Colorado, the contact between 
the upper Blue Hill Member and the Codell Sandstone is gradational and extensive 
bioturbation is present (Kauffman and Pratt, 1985). In Kansas, the lower Carlile consists 
of the Fairport Chalky Shale and overlying Blue Hill Member and is less than 150 ft 
thick. To the west, due to higher rates of sedimentation, the Carlile thickens to 250 ft in 
the Denver Basin. 
Near the northwest edge of the basin, the lower Carlile thins to a wedge edge 
because of erosion of part, or all, of the Fairport Chalky Shale and Blue Hill Member 
(Sonnenberg and Weimer, 1981; Weimer and Sonnenberg, 1983). The contact between 
the Codell Sandstone and the Carlile Shale is rarely preserved in core because of 
lithologic and competency differences of the shale and sandstone. Broken dark shale 
remnants are typically all that remain. No lower Carlile Shale member outcrops are 
exposed in the study area. 
 Merewether and Cobban (1985) identified outcrops north and south of Fort 
Collins, Colorado, where the Blue Hill cannot positively be determined Member and 
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Codell Sandstone are conformable. In this study, the Fairport Chalky Shale and/or the 
Blue Hill Member beds cannot be differentiated and beds below the Codell Sandstone 
are simply referred to as the lower Carlile Shale. 
Biostratigraphic studies more accurately reconstruct the chronologic 
deposition of members within the Western Interior Basin (Merewether and Cobban, 
1986). Merewether et al. (2011) conducted a biostratigraphic study of Upper Cretaceous 
formations in this region that show that the Blue Hill Member is within the same 
ammonite fossil zone as the Codell Sandstone: Prionocyclus hyatti. Combining this fact 
with the time frame of the unconformities discussed previously, the vacuity between the 
contact of these two separate lithologic units can likely be defined as a diastem. 
Five fossil zones are missing between the Codell Sandstone and the lowest fossil 
ammonite zone of the Fort Hays Limestone, Scaphites Nigricollensis. The Codell 
Sandstone in this region lies within fossil ammonite age Prionocyclus hyatti. In Buckeye, 
Colorado, located approximately NW Sec. 23, T10N, R69W, Merewether et al. (2011) 
state that the Fort Hays Limestone disconformably overlies the Codell Sandstone. The 
Juana Lopez and Sage Breaks Members are absent. These fossil zones are labeled 30 
and 36, respectively, in the fossil zonation of Merewether et al. (2011). This 
unconformity may be submarine erosion or, if it is a disconformity, related to subaerial 
exposure and erosion. Subsequent marine onlap took place along the northeast-
trending structure of the Transcontinental Arch (Weimer, 1978). Worldwide lowering of 
sea level during the Turonian, combined with tectonic movements, greatly influenced 
the thickness of sediments, distribution of the Codell Sandstone, and magnitude of 
erosion of strata underlying the Fort Hays Limestone (Weimer, 1978). Estimates of the 
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amount of strata removed from above the Codell Sandstone range from 30 to 100 ft 
(Weimer and Sonnenberg, 1983). During this time, the sea level was falling from one of 
the highest levels in Earth’s history. There was likely a significant amount of sand 
deposited as part of the ensuing regression (Blakey, 2016, pers. comm.). 
A brown, argillaceous, and quartz calcarenite, the Juana Lopez Member, 
separates the Codell Sandstone and Fort Hays Limestone in central and southern 
Colorado and northeastern New Mexico. The Juana Lopez Member consists of a lower 
calcareous and limonitic fine-to medium-grained sandstone and an upper crystalline 
limestone. The northern extent of the upper limestone appears to be in Sec. 25, T2N, 
R70W, approximately 7 mi north of Boulder (McLane, 1982), which is south of the study 
area. The Juana Lopez is generally less than 3 ft and too thin to map in its northern 
extent (Weimer and Sonnenberg, 1983). However, it thickens to 4.5 ft in Colorado 
Springs and continues to thicken toward southern Colorado and New Mexico. The 
sandy beds of the Juana Lopez Member are the result of the marine transgression of 
the Niobrara and reworking of a regolith at the top of the Codell Sandstone (McLane, 
1982). 
The Sage Breaks Member is a dark-grey, partly calcareous, shale that lacks 
invertebrate microfossils but has a diverse microfauna of foraminifera. The Sage Breaks 
Member eventually replaces the Fort Hays Limestone well to the north in the Black Hills 
region of Wyoming (Evetts, 1976). The Sage Breaks Member first appears in 
northernmost Colorado above the Codell Sandstone and thickens to as much as 150 ft 
to the north and northeast into Wyoming and Nebraska. The thinning of the Sage 
Breaks Member to the south is due to truncation at the base of the Niobrara Formation 
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(Weimer and Sonnenberg, 1983). The thickness of the Sage Breaks Member may play 
an important role in the migration pathway of oil from the Niobrara Formation into the 
Codell Sandstone. 
The Fort Hays Limestone is almost pure limestone with greater than 95% 
carbonate sediment (Longman et al., 1998). The finely-crystalline carbonate matrix of 
the Fort Hays Limestone is composed of disaggregated coccoliths fragments (Laferriere 
and Hattin, 1989). The Fort Hays Limestone has intervals of chalky amalgamated beds 
that are several inches thick with shale/marl stringers typically less than 2 in. thick. It is 
also thoroughly bioturbated. Where the limestone is naturally fractured in the basin, 
higher porosity and permeability may be present due to fracture porosity and 
intersections. Those natural fractures may play a major role as migratory paths for 
mature oil from the overlying Smoky Hill Member benches into the Codell Sandstone 
below. 
The Smoky Hill Member of the Niobrara Formation is divided into 9 chalk and 
marl intervals. Figure 2.5, on the following page, is a type log for the study from the 
Lower Carlile Shale to above the top of the Niobrara. Associated nomenclature is 
modified from Longman et al. (1998), and details the chalk/marl intervals. Depending on 
location within the northern Denver Basin the base of the Smoky Hill Member above the 
Fort Hays Limestone is referred to as either a chalk or shale (Scott and Cobban, 1964; 
Locklair and Sageman, 2008). In at least one other study, it is a marl or a transitional 
chalk into the overlying marl above (Longman et al., 1998). It varies in thickness from 
approximately 2 ft to 15 ft. In other parts of the Denver Basin, this chalk is absent. This 
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basal unit is referred to as the D chalk or marl where appropriate. The three higher 
Smoky Hill Member benches are, from lowest to highest:  the C bench, B bench, and A 
Figure 2.6: Type log from the Carlile Shale through the top of the Niobrara 
Formation (modified from Longman et al., 1998). This type log shows a D 
chalk transition to C marl. 
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bench. The three benches consist of a marl layer at the base of the bench with a chalk 
above. This study used Deacon et al. (2013) as the model for the D chalk. The D chalk 
was picked across most of the study area (especially the northern half) and appears to 
thicken to the north and west. The thickening of the D chalk seems to replace a thinning 
Fort Hays Limestone to the north. The B bench is the only bench that consists of two 
sets of alternating marls and chalks. These are named, from lowest to highest:  the B2 
marl, B2 chalk, B1 marl, and B1 chalk. According to Longman et al. (1998), the best 
potential sources of hydrocarbon generation are the C marl, the B marl, and the A marl. 
The C marl is a laminated marl with interbedded chalky-marl beds and is especially rich 
in organic material with total organic content (TOC) as high as 7% in southeastern 
Wyoming. Longman et al. (1998) stated the B2 and B1 marls are more variable 
lithologically and less organically rich with TOC around 3% and 3.5%, respectively. The 
B and C chalks have both been primary targets of horizontal drilling inside this study 
area. The A marl is very similar lithologically to the C marl with TOC values up to 6%. 
2.3 Three Types of Codell Sandstone in the Denver Basin 
The Codell Sandstone in the Denver Basin has previously been separated into 
three different sandstones: types 1, 2, and 3 (Fig. 2.7, following page) (Weimer and 
Sonnenberg, 1983). These sandstones represent the final deposition of the Greenhorn 
Cyclothem regressing from the Western Interior Seaway to the southeast and 
northwest. The type 2 Codell Sandstone is a fine-grained marine shelf deposit without 
central bar facies (Weimer and Sonnenberg, 1983). It is predominant in northeastern 
Colorado to southeastern Wyoming and makes a sharp contact with the type 3 
sandstone to the northwest. Type 3 is a ripple-laminated sandstone of an intertidal or 
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the type 1 sandstone appears. Type 1 sandstone thickens toward the southeastern 
Denver Basin. Type 2 Codell Sandstone has an unconformable contact with the Middle 
Turonian Blue Hill Member of the Carlile Shale. It rests unconformably below the latest 
Turonian-early Coniacian dense, shaley, low porosity Fort Hays Limestone basal 
member of the Niobrara Formation. Figure 2.8, on the following page, is a restored 
stratigraphic section A-B from Figure 2.7. It more clearly shows the relationship of the 
three types of Codell Sandstone. The type 2 Codell Sandstone extends over the study 
area and is the focus of this study. 
marine environment that is only present in the northwestern most portion of the Denver 
Basin. The type 1 sheet-like marine shelf or shoreline sandstone bars were deposited in 
the southeast. The type 2 sandstone pinches out south of Denver due to erosion before  
Figure 2.7: Map of the three types of Codell Sandstone in the Denver Basin 
(Weimer and Sonnenberg, 1983). See Figure 2.8 for cross section A-B. Red 
square approximates study area. 
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Figure 2.8: Restored stratigraphic section of cross section A – A', almost exactly A - B 
from Figure 2.7 (after Weimer, 1984). Red square is approximate study area and interval.
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CHAPTER 3 
OUTCROP AND CORE 
3.1 Outcrop 
An outcrop search was conducted along the Front Range from north of Boulder 
to north of Fort Collins, Colorado. USGS geologic maps were used to geographically 
find the contact between the Niobrara Formation and the Carlile Shale. The Smoky Hill 
Member (Kns) and lower Fort Hays Limestone (Knf) are usually separately mapped 
within the Niobrara Formation (Kn). Because of poor exposures in this region, the entire 
Carlile Shale is mapped with the Greenhorn Limestone and Graneros Shale as a single 
unit (Kcgg), sometimes including the Mowry Shale (Kcgm). The three units erode more 
easily than the more erosionally resistant Fort Hays Limestone. The Carlile Shale, 
Greenhorn Limestone, and Graneros Shale weather differentially and contacts are not 
always distinguishable between the three formations, or are even present in outcrops in 
this area. Due to differential weathering observed outcrop thicknesses may not 
represent true burial thicknesses and could lead to observed unconformities that do not 
exist in cores. The Fort Hays Limestone may contact each of those formations at 
subaerial exposures along the Front Range thereby masking the true geologic 
depositional record. For that reason the best preserved Codell Sandstone outcrops in 
this region are those where rivers and creeks have cut through the surface and exposed 
the original structure of the sandstone. 
Codell Sandstone outcrops are rare on the western edge of the study area, along 
the Front Range. However, south of the study area, north of Boulder at the intersection 
of North Foothills Highway and Neva Road is a well-known Niobrara Formation 
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exposure named Six Mile Fold. A quarter of a mile north of Six Mile Fold on the east 
side of the highway is an exposure of Fort Hays Limestone and Codell Sandstone 
described in detail by Weimer, 1996. 
Walking along the geologically mapped Knf and Kcgm contact east of Horsetooth 
Reservoir in Fort Collins (southwestern edge of the study area), a 1.5 ft thick, heavily 
bioturbated, orange sandstone can be followed for some distance. The sandstone is 
interbedded between grey limestone above and dark grey shale below. The contacts 
are probably not gradational. Here, weathering and erosion have destroyed the original 
thickness of the Codell Sandstone. The Codell is barely exposed along a north-south 
trending, low hill. 
Two well preserved Codell Sandstone outcrops north of Fort Collins, Sec. 8, 
T8N, R69W C SW and Sec. 4, T9N, R69W, C SW, were identified. The latitude and 
longitude of both is shown in Figure 3.1, on the following page, using WGS84 in decimal 
degrees along with geologic surface maps overlaying a satellite image of the area. For 
this study, the outcrops were named for the properties and local features surrounding 
them. The northern outcrop is named Weaver Ranch and the southern outcrop named 
Abandoned Quarry. Both are on private land and accessible by contacting the 
landowners. The northern outcrop is in a road cut on the south side of West County 
Road 72 located 0.35 miles east of the intersection with North County Road 21. Only 
the upper 6 ft of the Codell Sandstone is exposed with another 7 ft of Fort Hays 
Limestone above. The southern outcrop, named Abandoned Quarry, is 7 miles south-
southwest from the Weaver Ranch outcrop. It is within walking distance west of County 
Road 21C. The Abandoned Quarry outcrop is a north striking section of Smoky Hill 
31
Member, Fort Hays Limestone, and Codell Sandstone cut into by the west-east running 
Poudre Valley Canal. This outcrop includes most of the Smoky Hill Member, all of the 
Fort Hays Limestone, and all but the very base of the Codell Sandstone. 
The Codell Sandstone in this area is a yellow-orange, argillaceous, very fine-
grained, upward coarsening to fine-to lower medium-grained sandstone with Skolithos 
ichnofacies of the shallow marine shoreface. Three facies of the Codell Sandstone can 
Figure 3.1:  Yellow pins mark the two primary outcrops studied. Lat/lon of the 
access points to the outcrops is listed in decimal degrees to less than a foot in 
WGS84. USGS Geologic Maps of the Livermore (north) and Laporte (south) 
Quadrangles overlie a Google Earth satellite image of the surrounding area 
showing quickest routing via I-25. On the colored geologic map side the very thin 
dark green line between the white (Kns) and olive green (Kcgm) regions is the 
outcropping Fort Hays Limestone (Knf). 
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be viewed at the Abandoned Quarry and are defined here as:  lower bioturbated, middle 
laminated, and upper bioturbated. 
At the Weaver Ranch outcrop a very thin grey shale, approximately 4 to 6 inches 
thick (Fig. 3.2), separates the Codell Sandstone from the Fort Hays Member contact. 
This shale is the southern-most extent of the marine Sage Breaks Member and is not 
present at the Abandoned Quarry. The Sage Breaks Member is absent completely 
south of this area. 
3.1.1 Weaver Ranch 
The Weaver Ranch outcrop (Fig. 3.2) is a north striking (28°), east dipping ridge 
exposed for 3.37 mi. Most of the exposed surface along the ridge is cliff-forming Fort 
Figure 3.2:  Weaver Ranch:  Upper bioturbated facies of the Codell Sandstone with 
brittle remnants of Sage Breaks Member below Fort Hays Limestone. Lower 
Skolithos burrows are fully exposed. 3x5 in. field book for scale. 
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Hays Limestone with the Codell Sandstone hidden beneath Quaternary deposits and 
overgrowth. The Codell Sandstone is exposed where the Fort Hays Limestone 
protected the upper Codell Sandstone from modern erosion. The ridge is cut in places 
by multiple west flowing water drainages that contribute to grass and bush overgrowth 
along and below the ridge. Only one quarter mile of the exposed ridge is south of the W. 
Co Rd 72 road cut on the Weaver Ranch property. 
While only the upper 6 ft of the Codell Sandstone is exposed, this site provides 
the best example of bioturbation between the two outcrops. Ophiomorpha burrows are 
found in abundance and Skolithos burrows are fully exposed in several spots. A grey, 
thinly laminated, brittle shale unconformably rests between the Codell Sandstone and 
Fort Hays Limestone. This 4 to 6 in. shale is interpreted to be a highly weathered 
remnant of the Sage Breaks Member and clearly defines the unconformity between the 
Codell Sandstone and Fort Hays Limestone. The remaining Fort Hays Limestone is 
approximately 7 ft thick and broken and rounded at top due to root erosion along the top 
of the cliff edge (Fig. 3.3, following page). Full Inoceramus body fossils are found in 
abundance throughout the Fort Hays Limestone as well as trace fossils and broken 
shell fragments. 
Another north striking sloped ridge forms 500 ft east of this outcrop and is a 
resistant chalk bench of the Smoky Hill Member. Most of the Smoky Hill Member forms 
the small valley between the two ridges and is completely covered by grass and bush. 
Small outcrops of chalk benches poke through between the two ridges. 
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Figure 3.3:  The Weaver Ranch Outcrop:  Image was taken facing southeast. Black dashed line is the top of the Codell 
Sandstone. The blue dashed line is the top of the Sage Breaks Shale. 
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3.1.2 Abandoned Quarry 
The two outcrops are 7 mi apart and part of the same ridgeline that forms a mini-
hogback 2 mi east of the Front Range. Space for parking is available where the road, 
21C, crosses over Poudre Valley Canal. There are several drainage ditches that allow 
access into the canal. A ladder is also useful for access and outcrop study. 
The Abandoned Quarry outcrop (Fig. 3.4) fully exposes most of the Smoky Hill 
Member, all of the Fort Hays Limestone, and all but the lower Codell Sandstone in a 
725 ft long west-east canal. No Sage Breaks Member is present here. The Codell 
Sandstone dips 18° east at the west end where the canal begins cutting into the north-
Figure 3.4: The Abandoned Quarry Outcrop. Picture was taken from the west 
end of the canal facing north. The 11 in. laminated bed is highlighted between 
white dashed lines. No Smoky Hill Member is present in this end of the canal. 
36
south trending ridge. The Smoky Hill Member was not studied in detail. 
The upper Codell Sandstone here is highly bioturbated with both Thalassinoides 
and Ophiomorpha burrows. Thalassinoides burrows dominate the lower Codell 
Sandstone. Ophiomorpha traces are absent in the lower but present at the top. 
Skolithos burrow structures are not as prevalent here as they are at the Weaver Ranch 
outcrop. Overall, these burrow structures are part of the Skolithos ichnofacies which is 
common in sandy shore to sublittoral zones (Frey, 1975). 
Bioturbation restricts identification of bedding structures. Larger bed sets are 1.5 
to 3 ft thick. A single planar laminated 11 in. thick bed is traceable for 15 ft before being 
covered with slumping colluvium. White dashed lines in Figure 3.4 highlight this bed 
with bioturbated beds above and below. Highly bioturbated sandstone contacts the base 
of the Fort Hays Limestone in a clear unconformable contact. The limestone beds are 4 
in. to 1 ft thick with hard blocky sharp edges and interbeds of shale less than one in. to 
a few inches thick. The Smoky Hill Member is not present at the west end of the canal, 
and actual total thickness of the Fort Hays Limestone is not shown in Figure 3.4. 
3.2 Core 
A total of ten cores were examined for this study (Fig. 1.4). Four are now 
considered inside the ever expanding Wattenberg Field. From south to north these 
corers are:  Ronald #1 C SE SW Sec. 27, T5N, R63W, Harrington #2-30 NE NW Sec. 
30, T6N, R66W, Rutt-Adams Heirs #1 C NE SW Sec. 22, T6N, R66W, and Owl Creek 
#13 NW NW Sec. 29, T7N, R64W. The Coal Creek Prospect #1 core from C NE SW 
Sec. 9, T8N, R64W, is just outside the current northern edge of Wattenberg Field. Four 
cores are from the central portion of the study area:  Lazy D ZN #30-9 from SE Sec. 3, 
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T11N, R66W, Schroeder #1 NE NE Sec. 26, T12N, R57W, Chaney #27-33 NE NW SE 
Sec. 27, T13N, R57W, and Bass Belvoir #25-12 C SW NW Sec. 25, T13N, R68W. The 
northern most core, V.O. Child #30-9, is from NE Sec. 30, T15N, R65W. Table 3.1, on 
the following three pages, has additional information for each core. Previously available 
thin sections show depth and respective facies. The far right columns specify where 
samples from three cores were taken during this study and the specific tests and 
research conducted on those samples. Appendix A has detailed core sections with 
digitized well log curves for the six primary cores studied. 
Three pervasive facies were identified in the Codell Sandstone and present in all 
cores. These facies were only partially observed at the outcrop study areas. A 
laminated facies between bioturbated lower and upper facies thins from north to south 
and nearly disappears within Wattenberg Field. The three facies have simply been 
named according to their most visually distinctive fabric. In stratigraphic order they are: 
the lower bioturbated, middle laminated, and upper bioturbated facies. A sub-facies of 
the middle laminated facies appears in all cores and is present as a gradational, thin, 
wavy-shaley section that always separates the middle and upper facies. In several 
cores, especially those in the northwest part of the study area, this sub-facies separates 
laminated beds of the middle facies. All three argillaceous sandstone facies have sand 
grains that are subangular to rarely angular and moderately sorted. Detrital grains are 
typical of Upper Cretaceous sandstones from the Sevier Orogenic Belt. 
3.2.1 Carlile Shale 
Eight cores extend into the Carlile Shale. Seven cores have Blue Hill Member 
present directly below the Codell Sandstone. The northeastern most core, Chaney #27- 
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Table 3.1:  10 USGS Cores viewed, sampled, and studied. Includes three cores with samples taken in this study, four 
recently added USGS cores in the study area (one with a single thin section), and three cores inside Wattenberg Field 
(outside of the study area). Actual core depths are shown to identify core top and bottom and important depths to this 
study, i.e., formation tops, missing sections, and facies tops. All previously existing thin sections are labeled and 
represented by the depth from which they were cut out of their core. Facies identified in this study are listed under their 
code-title, e.g., COD1, to show which facies each sample, thin section, and test represent. (CONTINUED) 
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Table 3.1 (CONTINUED):  The depths that samples were taken from for this study (three cores) are listed under the 
Sampled Depths column. Thin Section column is the name engraved onto the thin section glass-slides. XRD and 
SEM columns are the numbers and titles of samples created. (CONTINUED)
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Table 3.1 (CONTINUED):  The final three cores are south and outside of the study area. They were included to 
compare lithofacies and depositional environments. Bold numbers and lettering are used to distinguish tops of 
formations and facies. Appendix A has detailed core sections with digitized well log curves.
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33 Sec.27, T13N, R57W, on the southern edge of Nebraska is missing the Blue Hill 
Member. It is one of only two cores where the Codell Sandstone-Carlile Shale contact 
remains intact, further described below. 
3.2.1.1 Fairport Chalky Shale and Blue Hill Member 
In the Chaney #27-33 core the Codell Sandstone has a sharp contact with the 
 shaley top of the Fairport Chalky Shale (Fig. 3.5). This contact is interpreted to be 
Figure 3.5:  Unconformable contact of the very fine-grained Codell Sandstone with 
the underlying Fairport Chalky Shale (red arrow). Change in darker image in middle is 




erosional. Scour marks or small sand filled burrows mark the change from calcareous-
shale to light grey very fine-grained siliciclastic, heavily bioturbated Codell Sandstone. 
The Fairport Chalky Shale (FCS) here is a dark grey lenticular bedded, foraminiferal-
rich, calcareous shale. In all cores where it is present, it becomes more shaley toward 
the top, most likely because of a transition into the Blue Hill Member. 
The Blue Hill Member (BHM) is a black laminated shale with no foraminifers or 
sand sized siliciclastic detritus. The Schroeder #1 Sec. 26, T12N, R57W, is in Colorado 
and approximately 8.5 mi southeast of Chaney #27-33. It is the only other core with a 
preserved Codell Sandstone-Carlile Shale contact. However, the contact only preserves 
¼ in. of Blue Hill Member. The contact is a similar unconformable erosional layer with 
very fine-grained, heavily bioturbated, sand scouring the dark black shaley surface of 
the Blue Hill Member (Fig. 3.6). Below the Codell Sandstone contact, the Blue Hill 
Figure 3.6:  Very fine-grained Codell Sandstone of the lower bioturbated facies in 
unconformable contact with ¼ inch Blue Hill Member (at base). Core is from the 
Schroeder #1 core. 
CONTACT 
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Member consists of 2.5 ft of rubblized shale fragments at an unconformable contact with 
the deeper Fairport Chalky Shale. Laminated black shale beds of Blue Hill Member are 
positioned above the lenticular calcareous shaley Fairport Chalky Shale.  While the Blue 
Hill-Fairport contact is not preserved in this core, there are no indications that a 
gradational contact existed prior to obvious core retrieval damage. 
All other cores without an intact Codell-Carlile Shale contact are inferred to be 
unconformable. This contact always has broken pieces of dark black laminated (Blue 
Hills Member), unbioturbated shale occurring below a highly bioturbated dark-grey, silty, 
very fine-grained, sandstone. 
3.2.2 Codell Sandstone 
The Codell Sandstone in the study area consists of two bioturbated sandstone 
facies separated by a thinner laminated facies between them. In stratigraphic order they 
have been named the lower bioturbated, middle laminated, and upper bioturbated 
facies. 
3.2.2.1 Lower Bioturbated Facies 
Figure 3.6 is an example of the lower bioturbated Codell Sandstone facies with a 
preserved Blue Hill Member contact. The lower bioturbated facies (COD1) consists of 
light-grey, very fine-grained sandstone, highly bioturbated, with dark clay clasts. On the 
Droser and Bottjer (1986) ichnofabric index, this facies is ranked a “5” out of “6” 
described as “bedding is completely disturbed, but burrows are still discrete in places 
and the fabric is not mixed” and 60-100% bioturbated. The lower bioturbated facies is 
always abruptly capped by a parallel-laminated facies. The parallel laminations are 
present above the bioturbated lower facies. A few cores contain load casts of the 
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laminated facies pushing into the lower bioturbated facies due to soft sediment 
deformation. This implies the second Codell Sandstone facies was deposited rapidly 
upon a lower unlithified, highly bioturbated sandstone. 
3.2.2.2 Middle Laminated Facies 
The middle laminated facies (COD2) (Fig. 3.7, following page) is light-grey, very 
fine-to fine-grained, parallel-laminated sandstone. It is almost completely devoid of 
bioturbation, categorizing it as a “1” in the Droser and Bottjer (1986) ichnofabric index 
described as “no bioturbation recorded; all original sedimentary structures preserved.” 
In some cores 1 inch to 2 inch long escape burrows exist within the planar laminations 
defining these zones as a “2” on the index: “discrete, isolated trace fossils; up to 10% of 
original bedding disturbed”. This facies grades to low angle cross stratified sandstone 
(interpreted to be hummocky (HCS)) towards the top followed by a thin layer of wavy 
clay drapes. The wavy clay drapes are a sub-facies of the laminated facies and are 
labeled COD2-B. This subfacies represents a time of quiescence between storm bed 
sets when flux rates slowed significantly or even stopped. Opportunity feeders 
repopulated the organic rich mud as it settled before they were wiped out by 
subsequent rapid storm bed deposition. The COD2-B does not exist in all cores. In 
those where it is found, typical thicknesses range from 0.5 to 2 in. thick. In cores north 
of Wattenberg Field: Coal Creek Prospect #1, Lazy D ZN #30-9, Schroeder #1, Chaney 
#27-33 (Fig. 3.7, following page), Bass Belvoir #25-12, and V.O. Child #30-9, the middle 
laminated facies thickens and repeats itself on top of the sub-facies COD2-B cyclically, 
as many as three times. Horizontal laminae of COD2 lie on top of COD2-B and grade to 
HCS with thin layers of wavy clay drapes (COD2-B) at top followed by further  
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Figure 3.7:  Six images stitched together of a complete middle laminated facies. The 
contact with the lower bioturbated facies is at the bottom of the photo. A second COD2 
facies repeats above the first at the very top of the photo. Two escape burrows exist in 
this section: The first in the middle of the facies and the second toward the top (red 
arrows). This core has a preserved subfacies of the COD2 labeled COD2-B. This 
subfacies represents a time of quiescence between storm bed sets. Opportunity feeders 
repopulated organic rich mud as it settled before being wiped out by subsequent rapid 
storm bed deposition. The COD2-B does not exist in all cores. In those where it is 




laminations observed repeated up to two more times. The cores within Wattenberg 
Field: Ronald #1, Harrington #2-30, and Rutt-Adams Heirs #1-22, have laminated 
sections of less than 1 inch before becoming moderately bioturbated followed by wavy 
clay drapes, also moderately bioturbated. 
The middle laminated facies represents a high to very high rate of sedimentation. 
Due to lack of repopulation and bioturbation it was possibly deposited as a single storm-
event bed where only one COD2 facies is present or a series of storm beds where 
multiple packages of COD2 exist. Sedimentary structures that specifically define this 
facies as a hyperpycnite include laminated bedding, normal and inverse grading, and 
aggrading wave ripples and HCS with no or very low bioturbation (Bhattacharya and 
MacEachern, 2009; Wilson and Schieber, 2014). Planar laminations develop in very 
fine-to fine-grained sands during the early stage of sediment settling above the 
erosional base of a storm bed (Plint, 2010). 
Laminations and HCS suggest a linkage with major storms (Bhattacharya and 
MacEachern, 2009). Hyperpycnal flows associated with storms eroded the top of the 
lower bioturbated facies and deposited laminated structures. HCS formed as 
unidirectional flow waned and was overtaken by oscillatory flow. Clay drapes formed 
during a time of quiescence and flocculation when hypopycnal muds floated out of 
suspension to rest at the very top of the middle facies. Opportunity feeders repopulated 
and thrived in the organic rich muds. Storms introduced fresh water from the northeast 
into the saline KWIS, making the local environment poisonous and difficult for salt-water 
fauna. However, an immediate storm flux of sands and rapid sedimentation was likely 
the cause of excessive stress for survival of local organisms. The middle laminated  
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facies is thicker closer to the source and thins in both beds and bed sets towards 
Wattenberg Field. The thickness and variation in lamination-HCS-clay drape sets 
implies that sediment supply was from the northwest. Inside Wattenberg Field only thin 
sections of a single storm bed exist. Figure 3.8 is a modified map (Blakey, 2014) of the 
Late Turonian (Scaphites whitfieldi, 89.8 Ma) depicting proposed direction of 
hyperpycnal flow into the study area from a northwestern source. Further detail is 
Figure 3.8:  Proposed direction of hyperpycnal flow (red arrow) from a northwestern 
sediment supply, northwest to southeast, through the study area (red square). Map is 
Late Turonian. (modified from Blakey, 2014). 
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explained in chapter 5 along with the full-unmodified map (Fig. 5.8). 
3.2.2.3 Upper Bioturbated Facies 
The upper bioturbated facies (Fig. 3.9) is completely bioturbated, similar to the 
lower bioturbated facies. This facies transitions rapidly in a ½ in. to two inches from the 
middle laminated facies. Grain size is slightly larger with fine-to lower medium-sized 
grains. Due to larger grain size present, this facies experienced greater depositional 
energy levels than the lower bioturbated facies. 
In both bioturbated facies the sedimentary structures have been all but 
mechanically destroyed by extensive bioturbation. Reconstructing original depositional 
fabric is almost completely impossible. In core, there exist rare small lenses (usually 
Figure 3.9: Upper bioturbated facies of the Codell Sandstone with associated trace 





less then one inch wide and/or long) where original sedimentary structures can be seen 
surrounded by heavily bioturbated fabric. Those preserved structures, where they can 
be deciphered, are primarily planar laminations. This suggests the lower and upper 
bioturbated facies may also have been deposited as storm beds where these planar 
laminations are found. When sea level changed these facies were then below storm 
wave base where conditions were advantageous to bottom dwellers, which then 
resulted in heavy bioturbation. This allowed for a good amount of biodiversity. Both 
bioturbated facies are within the Skolithos ichnofacies. Due to the intensity of 
bioturbation, these facies most likely had slow sedimentation rates once they were 
populated (Hattin & Seimers, 1987). 
While dark clays are easily seen in the two bioturbated facies, it was found that 
clays are abundant in all three facies. These clays were determined to be largely illite, 
illite-smectite mixed layer clay, and smectite. The clays and clay types are discussed 
further in chapter 4. These clays were possibly deposited/rained down from hypopycnal 
plumes (Bhattacharya and MacEachern, 2009) and subsequently mixed in with the sand 
by bottom dwelling life. Alternatively, they could be dilute turbidities from a hyperpycnal 
plume. Smectite typically forms from volcanic ash (Ulmer-Scholle et al., 2014). An 
abundance of smectite may be due to ash fallout from Idaho Batholith region volcanic 
activity in the northwest. Ash was either carried along with fluvial detritus into the 
western KWIS or directly deposited from subaerial fallout and subsequent inclusion in 
the shallow marine environment. 
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3.2.2 Fort Hays Limestone
3.2.3.1 Transition Zone
The contact between the Codell Sandstone and the Fort Hays Limestone is 
generally present in cores and usually consists of a one foot mixing of siliciclastic and 
calcareous grains before becoming completely limestone. Burrows from life forms living 
at the base of the Fort Hays Limestone are responsible for the mixing of the lithologies. 
The contact in this region is unconformable so there is also a break in the transition 
from life that thrives in a siliciclastic environment to one that thrives in carbonate 
environments. Inoceramus remnants increase in abundance as the calcareous 
percentage increases. 
From recent outcrop and core studies 35 - 40 mi north of the study area, the 
Sage Breaks Member makes an abrupt and sharp contact at the top of the Codell 
Sandstone (Anderson, 2011). Well south of the study area in southern Colorado, the 
Juana Lopez makes both gradational and conformable contacts with the Codell 
Sandstone in some areas and abrupt and sharp contacts in other areas (Lewis, 2013). 
The transition zone from Codell Sandstone to Fort Hays Limestone is thin within 
the area of this study (6 in. to 2 ft). All that remains is the biologic interface within the 
unconformity of sandstone and limestone lithologic units. This same unconformity 
masks the transition from the calcareous Juana Lopez Member from the south into the 
shaley Sage Breaks Member to the north. That transition takes place within this study 
area but is missing from the rock record. 
In core within the study area, the contact between the Codell Sandstone and 
Fort Hays Limestone appears conformable due to biogenic reworking; however, five 
missing fossil zones (Merewhether et al., 2011) show this to be a widespread
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disconformity of just less than 1 million years. From studying the fossil record around 
Buckeye, Colorado, Merewhether et al. (2011) assigned ages to the Blue Hill Member 
and Codell Sandstone within the Prionocyclus hyatti ammonite zone at 90.9 Ma (Ogg 
and Ogg, 2008) – to 90.6 Ma (Merewhether et al., 2011). At Buckeye, 4 mi NNE of the 
Weaver Ranch outcrop, the Fort Hays Limestone covers five fossil zones itself from 
ammonite age Scaphites nigricollensis, before 89.5 Ma, to Western Interior Seaway 
inoceramid age Cremnoceramus walt. hannovrensis, 88.6 Ma. Ages listed here for the 
Fort Hays Limestone are specifically from Ogg and Ogg (2008) and fall within the time 
frames listed in parts by Merewhether et al. (2011). 
In several cores a single trace fossil, Rosselia socialis (Fig. 3.10), commonly is 
present at the top of the Codell Sandstone and only found in the transition to Fort Hays 
Limestone. This may be a regionally significant biostratigraphic marker identifying the  
disconformable boundary. The presence of the Rosselia socialis trace fossil is an
RS
S
Figure 3.10:  Very top of Codell Sandstone at the base of the transition into Fort Hays 
Limestone displaying the occurrence of the Rosselia socialis (RS) trace fossil with 
associated Skolithos (S) and Teichichnus (T) burrows. Bass Belvoir 25-12 Core.
T
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indication of the top of the lower shoreface (Frey and Howard, 1985). Associated trace 
fossils Teichichnus and Skolithos are also present. The Codell Sandstone contains 
reworked carbonaceous material at the top of the upper bioturbated facies. The Fort 
Hays Limestone has quartz sand grains mixed into its base. This gradational zone of 
biogenically reworked strata is usually between 1 -3 ft thick as seen in core. 
3.2.3.2 Fort Hays Limestone 
Above the mixed siliciclastic-calcareous transition zone the Fort Hays Limestone 
becomes dominantly limestone. Bioturbation occurs throughout the lower portion of the 
Fort Hays Limestone similar to the extent of the Codell Sandstone with an ichnofabric 
index of 5. It is a light grey to dark grey, foraminifera and coccolith rich, massively 
bedded, slightly argillaceous limestone (Fig. 3.11) with some broken inoceramid 
Figure 3.11:  Fort Hays Limestone, several feet above the contact with the Codell 
Sandstone. Thalassinoides burrow mostly preserved resulting in ichnofabric index = 5. 
Lazy D ZN #30-9.
Th
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fragments and few circular clusters of framboidal pyrite. The massive bedding is due to 
complete bioturbation. The Fort Hays Limestone is dense and mostly bedded in 
horizontal layers. Shale content increases in small, usually 6 – 8 in. horizontal shale 
sections between layers of argillaceous limestone. The contact with the Smoky Hill 
Member was not interpreted for this study. 
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CHAPTER 4 
PETROLOGY AND WELL LOG RESPONSE 
4.1 Petrographic Thin Sections 
Petrographic thin sections from seven cores were examined to analyze how the  
the microscopic properties of the Codell Sandstone contribute to logging tool’s electrical 
and nuclear response to the argillaceous sandstone. Thirty-two thin sections were 
obtained from the USGS Core Research Center (CRC) in Lakewood, Colorado. Another 
16 thin sections were created at Weatherford Laboratories from three cores that had  
missing sample depths. Table 4.1 lists the cores and the number of thin sections viewed 
under petrographic and epifluorescence microscopes. Photographs of each thin section 
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were taken at multiple magnifications with plain light, cross-polarized light, and, if 
possible, epifluorescence. 
Table 4.1: List of cores and thin sections that were analyzed. “Thin Sect.” column 
is the number of thin sections studied. Cores with an asterisk (*) had samples 
taken for this study. Those thin sections were impregnated with fluorescent-
spiked, blue-dyed epoxy.
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Forty eight (48) thin sections from the Codell Sandstone interval were analyzed. 
Various well operators and/or other workers chose specific depths and styles of 
preparation of the 32 preexisting thin sections. Sixteen (16) additional thin sections were 
made at Weatherford Laboratories and were impregnated with blue-dye, fluorescent 
epoxy for viewing with an epifluorescence microscope. 
Not all preexisting thin sections were created using the same methods or with the 
same target objectives. Comparing well log curves with depths of the existing thin 
sections (Fig. 4.1) indicate that thin sections were taken at peaks and troughs of both  
resistivity and density porosity. Samples cut from the three cores for this study were 
chosen at specific depths. Those samples were taken to understand variations of the 
three facies across the study area. 
The seven wells have very similar grain size and clay proportions with respect to 
the three facies of the Codell Sandstone.. The Bass Enterprise’s Belvoir #25-12 core 
has the best overall coverage of facies sampling and petrographic images. While no 
Figure 4.1:  Samples previously taken for thin sections were chosen based on peaks 
and troughs of both resistivity and density porosity curves. Brooks Exploration 
Harrington #2-30, Sec. 30, T6N, R66W, depths of 7096.58 ft and 7109.42 ft. White 
scale bar at top left of each thin section represents 1mm. 
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single well was the primary focus of this study, the Bass Belvoir #25-12 is mainly 
discussed here because it serves as a good proxy for the other cores. 
Over one thousand petrographic photos of thin sections, SEM images, energy-
dispersive X-ray spectroscopy (EDS) analyses, and XRD data sets taken for this study 
have been archived with the CRC and can be viewed online at the CRC website 
(www.usgscrc.org). 
The greatest distance between cores with thin sections is approximately 60 
miles. Thin sections from three cores close to the center of Wattenberg Field were 
included to correlate to those from the central portion of the study area. Those wells are 
the first three listed in Table 4.1:  Ronald #1, Harrington #2-30, and Rutt-Adams Heirs 
#1-22. The northern most samples and thin sections acquired are from T13N, leaving 
several townships north of T13N uncorrelated at the microscopic and nanoscopic (SEM) 
levels. 
The Bass Belvoir #25-12 has tops (picked in this study) at: Fort Hays Limestone 
= 8051 ft, Codell Sandstone upper bioturbated = 8067 ft, middle laminated = 8074.3 ft, 
lower Bioturbated = 8077 ft, and Carlile Shale = 8087.3 ft. The top of the upper 
bioturbated facies is more correctly defined as the transition zone where bioturbation 
churned up and mixed sandstone and limestone during, or soon after, limestone 
deposition on top of partially lithified sandstone. The transition zone here is one foot 
thick from 8067 ft to 8068 ft. Five thin sections from the Bass Belvoir #25-12 were 
specifically chosen to exhibit the characteristics of the three facies and identify how 
those characteristics are expressed in logs. Figure 4.2, following page, shows thin 
sections, at 2.5x magnification, to the right of the log curves and their respective depths.
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Figure 4.2:  Five thin sections cut from core depths 8068.0 ft, 8071.0 ft, 8075.75 ft, 8080.25 ft, and 8065.5 ft are shown 
at 2.5x magnification in plain polarized light. The logs are from the Bass Belvoir #25-12, also shown in Figure 4.18, with 
the same color-facies representation. Thin sections labeled C165 & C166 (orange) are upper bioturbated, C167 (green) 
is middle laminated, and C168 & C169 (blue) are lower bioturbated facies. Resistivity (LLD), density porosity (DPHI), and 
neutron porosity (NPHI) values are below their respective thin sections.
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The physical thin sections and engraving on the glass slides have officially been 
recorded at the depth where samples were cut from the core. Depths shown here have 
been calibrated + 6 ft to match log depths. 
With a low magnification of 2.5x in plain polarized light (PPL), the five thin 
sections exhibit a coarsening upward cycle from very fine-grained to fine-grained. The 
Codell Sandstone is well sorted at the base and poorly sorted at the top. Both the lower 
Carlile-Codell and upper Codell-Fort Hays contacts display a mixing of shaley-sand and 
sandy-lime grains. These contacts are erosional unconformities, and mixing of grains 
was produced by intense fauna burrowing into the substrates of the lower (previous) 
deposits and the upper newly deposited sediments. Poorer sorting of grains at the top of 
the Codell Sandstone most likely represents a palimpsest deposit (Weimer, 1983) 
during cycles of marine onlap that eroded top layers of the Codell Sandstone and mixed 
grains of different sizes during erosion and redeposition. 
Grain shape is constant between facies. In all facies, grains are dominantly 
subangular with sparse angular and sparse subrounded grains. Additionally, at all 
magnifications, thin sections have a definitive bronze color and each grain face has a 
web-like texture that makes focusing and imaging difficult. The difficulty in focusing is 
due to texture differentiation on the face of each grain. The camera will initially focus on 
the top of the web-like texture. The web texture is due to authigenic clays formed during 
diagenesis. The bronze coloration is partly due to hematite staining of illite-smectite 
clays (Ulmer-Scholle et al., 2014) but also due to the remnants of oil. Images shown are 
focused, as best as possible, to the face of the grain after focusing past the web texture, 
before imaging deeper (on a µm scale) into the grain contacts. Zooming to 20x 
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magnification improves viewing the very fine grains in the lower facies and fine to lower-
medium grains in the poorly sorted upper facies. The bronze coloration and web texture 
is also better seen on the face of the grains at this magnification. 40x magnification is 
almost unusable due to the difficulty of clearly focusing. 
Many images show residual organic matter and/or oil within porous space 
between grains. The darker black coloration where Carlile Shale is mixed in with Codell 
Sandstone is due to clay sized pyrite from the Carlile Shale. Broken down to very fine 
silt and clay sized particles, pyrite loses its gold luster and looks black, just as it leaves 
a black line on a streak test. Black shales are naturally colored black due to free 
carbonaceous material and the amount of fine-grained pyrite (Blatt et al., 2006). 
Beginning with the lower bioturbated facies, at 20x magnification, Figures 4.3a 
and 4.3b (following page) are compacted (from Figure 4.3a to 4.3b), very fine-grained 
quartz. From the contact of the Carlile Shale, the percentage of sand increases 
upwards from the contact of the Carlile Shale and burrowing organisms are less likely 
to move shaley particles into the Codell Sandstone. Slightly lower GR values on logs 
are due to this increase in sand in the lower facies. 
Figure 4.3a:  C169 @ 20x PPL. COD1: 8080.5 ft. (white bar = 125 µm)
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Figure 4.3b:  C168 @ 20x PPL. COD1: 8074.25 ft. Showing tighter packing and 
more sand grains. (white bar = 125 µm)
Using the same slide from Figure 4.3b, C168 at 20x magnification, under cross-
polarized light (XPL), grains are mainly quartz. Calcite is absent and plagioclase grain 
replacement is rare. Elongated biotite grains are also rare (Fig. 4.4a). Epifluorescence 
(EP) indicates that, while an abundance of clay is present filling pores and bridging 
grain contacts, porosity exists not only in remnant porous space but also as 
microporosity within the clays (Fig. 4.4b, following page). 
Figure 4.4a:  C168 @ 20x XPL. COD1: 8074.25 ft. Q = quartz, P = plagioclase, I = 
illite, B = biotite. (white bar = 125 µm)
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The middle laminated facies consists of slightly larger grains that are well 
sorted. Grain-to-grain contacts are common. This minimizes clay-pore bridging in this 
facies. Grain surfaces are completely covered in authigenic clay overgrowths. 
Intergranular porosity is clearly higher because pores have less clay filling. This is seen 
as larger areas of blue dye showing through thinner clay layers between pore spaces 
(Fig. 4.4b). Less clay content in the middle laminated facies results in neutron porosity 
reading less hydrocarbon atoms trapped as OH- molecules in clays. Conductivity of 
electrons through free cations in clays is also less limited. This results in lower neutron 
porosity and higher resistivity readings in well logs; characteristics that distinguish the 
middle laminated facies. Images of C168 (Fig. 4.5a, following page) and C167 (Fig. 
4.5b, following page) at 10x magnification with plain polarized light clarify these 
differences between the lower bioturbated and the middle laminated facies, 
respectively.
Figure 4.4b:  C168 @ 20x EP. COD1: 8074.25 ft. Blue epifluorescence shows 
abundance of microporosity in clays. (white bar = 125 µm)
62
Figure 4.5a:  C168 @ 10x PPL. COD1: 8074.25 ft. Clays fill pore spaces 
compared to porous open space in 4.8b. (white bar = 250 µm)
Figure 4.5b:  C167 @ 10x PPL. COD2: 8069.75 ft. Blue shows porous space 
between grains. (white bar = 250 µm)
With epifluorescence at 10x magnification the middle laminated facies, C167 
(Fig. 4.6b, following page), has a higher intergranular porosity than the lower 
bioturbated facies, C168 (Fig. 4.6a, following page). The amount of blue-lit space in 
each is almost equivalent but the overall florescence emitting from the lower bioturbated 
facies (C168) is much brighter. This is most likely due to the larger amount of clays 
present, increasing microporosity due to greater surface area and is explained in more 
detail later in Figure 4.17. Higher intergranular porosity will allow hydrocarbons to pass
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Figure 4.6a:  C168 @ 10x EP. COD1: 8074.25 ft. Brighter epifluorescence is 
than that in 4.9b due to clay microporosity. (white bar = 250 µm)
Figure 4.6b:  C167 @ 10x EP. COD2: 8069.75 ft. Less epifluorescence in the 
middle laminated facies due to less clay. (white bar = 250 µm)
more easily through larger interconnected pores that also contain less clay blockage. 
Consequently, the middle laminated facies will have higher permeability and higher 
hydrocarbon migration. 
The upper bioturbated facies is moderately to poorly sorted with higher clay 
content than the middle laminated facies. Grains are coated in clay like the other two 
facies. It has higher intergranular pore space than the lower bioturbated facies due to 
poorer sorting, but less porosity than the middle laminated facies due to high clay
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content. Similar to the lower bioturbated facies, this facies has higher microporosity 
than the middle laminated facies. The upper bioturbated facies affects well logs in a 
similar manner as the lower bioturbated facies. Figures 4.7a and 4.7b are C166 (depth 
= 8065 ft) and C165 (depth = 8062 ft) at 10x magnification in crossed polarized light 
(XPL). XPL highlights calcite in the upper bioturbated facies. Calcite increases in 
abundance closer to the contact with the Fort Hays Limestone due to bioturbation and 
mixing of calcareous material from the Fort Hays Limestone sediments. Foraminiferal
Figure 4.7a:  C166 @ 10x PPL. COD3: 8065 ft. Q = quartz, C = calcite. Calcite 
increases towards the Fort Hays Limestone. Contact. (white bar = 250 µm)
Figure 4.7b:  C165 @ 10x PPL. COD3 and transition to Fort Hays: 8062 ft. 
Foraminiferal remnants in the transition zone. Q = quartz, C = calcite, F = 
foraminifer. (white bar = 250 µm)
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remnants are present near the top of the Codell Sandstone (Fig. 4.7b). 
Dark black spots in both PPL (Fig. 4.8a) and XPL (Fig. 4.8b), at 20x 
magnification, display what is residual oil or organic matter. Examples were chosen 
from the upper bioturbated facies of the Brooks Exploration Harrington #2-30, Sec 
30, T6N, R66W. Further examples are shown in the following SEM section.
Figure 4.8a:  Harrington #2-30 20x PPL. COD3: 7099.67 ft. Example of residual oil 
or organic matter in pore space surrounded primarily by clay. (yellow line at top 
left = 100 µm)
Figure 4.8b:  Harrington #2-30 20x XPL. COD3: 7099.67 ft. Residual oil and 
organic matter show no pleochroism under crossed polars. (yellow line at top left 
= 100 µm)
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4.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 
Spectroscopy (EDS) 
SEM was used to confirm interpretations of thin sections in fine detail. 
Abundance of clay coating grains and filling pores limited clear and detailed analysis of 
thin sections. SEM images clarified the interaction of clays with and between grains. 
Energy Dispersive X-ray Spectroscopy (EDS) was used to confirm grain types being 
viewed and to accurately distinguish clay types. EDS was also able to qualitatively 
determine whether illite-smectite mixed layer clays were comprised of more illite or 
smectite within the clay lattice.
Twenty SEM samples from three cores were prepared by breaking the rock apart 
to obtain a freshly exposed surface. These were then cut and sanded into 5 mm x 5 mm 
+/-2 mm pieces. The surface was cleaned with a solvent and then dried on a heater. 
Sample pieces were set in place by an electrically conductive adhesive and electrically  
wired to the metal stub with a conductive painted strip from sample to stub. A sputter  
coater applied gold plasma to the entire sample to complete preparation. The samples 
were labeled alphabetically in order of preparation from the lower bioturbated facies to 
the upper bioturbated facies. Samples from each core were completed separately to  
keep labels in alphabetical order between cores. The Bass Belvoir #25-12 SEM 
samples and labels with their corresponding depths and thin section are as follows:
lower bioturbated – (L) 8080.5 ft C169 and (M) 8074.25 ft C168 
middle laminated – (N) 8069.75 ft C167 
upper bioturbated – (O) 8065.0 ft C166 and (P) 8062.0 ft C165 
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Figures 4.9a and 4.9b from sample (L) show how the lower bioturbated facies is 
completely covered in clay and pores are all occluded. Labels in SEM images are from 
multiple EDS readings pinpointing the exact spot where labels are placed. Examples
Figure 4.9b:  (L) @ 500x. COD1: 8080.5 ft. Q = quartz, K = potassium feldspar, I = 
illite. Close up view of single quartz grains in surrounding clays. Potassium has 
been resorbed from dissolution of detrital grains.
Figure 4.9a:  (L) @ 100x. COD1:  8080.05 ft. Quartz grains covered in and 
surrounded by illite and illite-smectite mixed layer clay.
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of the graphs EDS creates upon analyses are shown in Figures 4.10a and 4.10b to 
clarify how identification was made through elemental composition. The graphs created 
by EDS were then compared to those in Welton (1984). EDS identified resorbed 
remnants of potassium feldspar from the dissolution of detrital grains (Welton, 1984) in 
portions of the illite clay. 
EDS registered larger than expected amounts of iron in readings of illite, 
smectite, and illite-smectite mixed layer clays. In some cases titanium was also present 
in larger than expected amounts. The extra iron readings can be explained by the 
hematite staining discussed in section 4.1 above. Titanium was present in its oxidized 
state, rutile (TiO2), and may be present as a replacement element in the clays. It also 
occurs as authigenic rod shaped overgrowths of rutile associated with clays (Welton, 
1984). Ilmenite (FeTiO3) is an accessary mineral of igneous rocks and is found in beach 
sands as granules creating thin black layers. An abundance of iron and titanium 
readings can be associated with beach sands from eroded igneous rocks that have 
been reworked into offshore environments. 
Figures 4.10a and b:  EDS pinpoint analysis elemental graphs were compared 
to Welton (1984) to identify minerals in exact locations on SEM samples. The left 
image a) represents the chemical composition of illite and the right b) represents 
resorbed potassium feldspar from dissolution of detrital grains.
Al   Au   K  Ca  Fe 
Al   Au   K   Fe 
 Si  Si 
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While illite tends to coat grains, smectite is found filling space between grains. 
Figures 4.11a and 4.11b are from the upper portion of the lower bioturbated facies but 
Figure 4.11a:  (M) @ 500x. COD1: 8074.25 ft. Quartz grains are coated in illite. 
Figure 4.11b:  (M) @ 2000x. COD1: 8074.25 ft. Pores are filled with smectite. Q = 
quartz, S = smectite. 
show no less consistency in clay. Looking closely at Figure 4.11b, micropores 
approximately 5 µm x 2 µm and smaller can be viewed inside the clay covering. 
The middle laminated facies in SEM (Fig. 4.12a and 4.12b, following page) is 
much cleaner. Because clays are less common, grains are more common and easily 
observed. The lack of clay over-coatings allows quartz grains to be easily compacted, 
as seen in the sharp contacts between grains. Secondary quartz has grown under 
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Figure 4.12b:  (N) @ 250x. COD2: 8069.75 ft. More grain-to-grain contacts exist 
due to less abundance of clay. Q = quartz, I = illite, I-S = illite-smectite mixed layer 
clay.
Figure 4.12a:  (N) @ 100x. COD2: 8069.75 ft. The middle laminated facies looks 
cleaner due to less clay being present.
pressure solution in some portions lacking clay over-coatings. The upper right portion of 
Figure 4.12b is an example of illite-smectite mixed layer (I-S) clay; however, I-S is 
present all three facies. EDS analyses also recorded calcite in a few small grains or as 
a minor cement in the middle laminated facies that was not observed in thin sections. 
Authigenic quartz crystals were observed in both the lower bioturbated and 
middle laminated facies. In SEM, kaolinite was only present in the middle laminated 
facies. Although kaolinite was present, it was not abundant and was usually surrounded
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by the other clays. Where present, kaolinite is a pore filling clay that grew in place and 
is secondary to illite, smectite, and illite-smectite mixed layer clays.
The best examples of authigenic quartz and kaolinite were found in Great 
Western Oil’s Coal Creek Prospect #1, Sec 9, T8N, R64W. Figure 4.13a shows 
authigenic quartz crystals in the lower bioturbated facies growing along a face of 
smectite that is filling pore space between quartz grains. Figure 4.13b shows kaolinite 
Figure 4.13b:  (H) @ 1000x. COD2: 7471.25 ft. Kaolinite was only seen in the 
middle laminated facies in SEM. Q = quartz, I-S = illite-smectite mixed layer clay, 
Ka = kaolinite. Sample is from Coal Creek Prospect #1.
Figure 4.13a:  (G) @ 1000x COD1:  7479.25 ft. Small authigenic quartz crystals 
grew on the surface of smectite in this sample from the lower bioturbated facies. Q = 
quartz, S= smectite. Sample is from Coal Creek Prospect #1. Scale is at top right in 
black for contrast.
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from the middle laminated facies filling pores. 
The upper bioturbated facies is just as clay rich as the lower bioturbated facies, 
with the added element of calcite cementation. Figures 4.14a and 4.14b are (O) and (P)
Figure 4.14a:  (O) @ 100x. COD3: 8065 ft. Quartz in illite, illite-smectite mixed 
layer clay, and smectite. Calcite cement is present. Q = quartz, I = illite, I-S = illite-
smectite mixed layer clay, S = smectite, Ca = calcite.
Figure 4.14b:  (P) @ 100x. COD3 and transition zone: 8062 ft. The transition zone 
from Codell Sandstone to Fort Hays Limestone increases in calcite content until 
becoming almost 100% calcite. 
at 100x magnification and show the transition near the Fort Hays Limestone. Calcite is 
becoming the dominant constituent while clay coated quartz grains drop in abundance.
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Figure 4.15b:  (K2) @ 100x. Fort Hays Ls.: 7466.75 ft. The bottom most Fort 
Hays Limestone has organic matter or residual oil present. OM = organic matter, 
Q = quartz, Ca = calcite. Coal Creek Prospect #1.
Figure 4.15a:  (C) @ 100x. COD1: 7115 ft. Organic matter or residual oil in the 
lower bioturbated facies. OM = organic matter, Q = quartz, Py = pyrite, K = 
potassium feldspar. Owl Creek #13.
Finally, Figures 4.15a and 4.15b are examples of organic matter at 100x
magnification. Figure 4.15a is from the lower bioturbated facies of Owl Creek #13 and  
Figure 4.15b is the bottom most sandy contact of the Fort Hays Limestone from Coal 
Creek Prospect #1. Organic matter appears as globules darker than the surrounding 
constituents. Attempting EDS readings from the organic matter resulted in spurious
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data and burning out the SEM filament within seconds. The filament burned out due to 
volatizing the organic matter with the concentrated EDS beam. Due to the organic 
richness of most of these samples, filament life was reduced throughout the SEM study. 
4.3 X-ray Powder Diffraction 
X-ray powder diffraction (XRD), conducted by Weatherford Laboratories, on the
facies of the Bass Belvoir #25-12 confirm all three facies are argillaceous by varying 
amounts of clays. Table 4.2 breaks down the XRD measurements of clays and minerals 
in the three facies. Sample 16 is from the upper bioturbated facies and correlates to slide 
C166 and SEM (O). Sample 17 is the middle laminated facies and correlates to slide 
C167 and SEM (N). Sample 18 is the lower bioturbated facies correlating to slide C168 
and SEM (P). Though kaolinite was not seen in the upper and lower facies in SEM, XRD
Table 4.2:  XRD measurements of each of the three facies in Bass Belvoir #25-12. 
Sample 16 is upper bioturbated, 17 middle laminated, and 18 lower bioturbated. 
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determines it is equally present. Calcite has clearly been seen increasing in abundance 
towards the top of the upper bioturbated facies. However, the top of the upper 
bioturbated facies was not sampled in XRD. The middle laminated facies has over a 
third less clay than the lower bioturbated facies and almost a third clay less than the 
upper bioturbated facies. This is expected from observations in thin section and SEM. 
The differences in these attributes account for resistivity suppression, climb in 
gamma ray API, and drop off in neutron porosity between the three facies, 
distinguishing them in well logs. 
4.4 Clay Effects on Well Logs 
The Codell Sandstone probably eluded early explorationists because of low 
resistivity of well logs. Low resistivity of the Codell Sandstone is due to the high 
amount of authigenic and detrital clays, specifically illite, smectite, and mixed layer 
illite-smectite. Dry holes have resistivities less than four ohm-m while productive wells 
typically have resistivity values of 5-8 ohm-m. Codell Sandstone wells with resistivity 
greater than 10 ohm-m are rare and commonly productive. A review of regional 
production from the Codell Sandstone shows that higher resistivities do not necessarily 
correlate to better production. Electric logs from the 1940’s to 1958 generally have high 
resistivity in the Codell Sandstone. Resistivities from those years are typically 15 ohm-
m to 30 ohm-m, and higher. Wells from those early years had to be discounted during 
oil-in-place calculations. The induction log started replacing the electrical log in 1956, 
and became the primary tool used by 1958 (Hilchie, 1979).
The lithology of the Codell Sandstone affects wireline logs, specifically gamma 
ray, resistivity, and neutron porosity. Understanding these controls greatly increases 
exploration possibilities and implementation of new technologies.
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Previous research has not identified the three Codell Sandstone lithofacies in 
well logs that are descried in this research. However, it is possible to distinguish the 
middle laminated facies in logs because the zone contains less clay (specifically illite, 
smectite, and mixed layer illite-smectite). These three clays produce high API readings 
in gamma logs. Illite is inherently radioactive due to the weight percent of potassium in 
its chemical makeup. Trace amounts of thorium, a radioactive element, can substitute 
in the smectite crystal lattice (Passey et al., 2010). 
Average shale has 2% potassium, 6 ppm uranium, and 12 ppm thorium. Illite has 
4.5% potassium and 1.5 ppm uranium. Montmorillonite (smectite) has 2-5 ppm uranium 
and can substitute from 14-24 ppm thorium (Fertl, 1979). Graphical depiction of thorium 
to potassium ratios in several minerals and clays is shown in Figure 4.16.
Resistivity logs have low values due to the illite and smectite high cation 
exchange capacity (CEC). Neutron porosity logs have anomalously high porosity from 
“shale effect” due to bound and interstitial water (Asquith and Krygowski, 2004). Density 
Figure 4.16:  Single axis graph comparing thorium / potassium ratios of several 
minerals and clays (I-M is illite-montmorillonite) (Hassan et al., 1976).
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porosity will change slightly according to the matrix density and the amount of clays 
present. Other minerals in the sandstone create difficulty in accurately identifying the 
middle laminated facies with density porosity alone. 
The middle laminated facies is identified on well logs by finding the point where a 
subtle decrease in gamma ray, slight increase in resistivity, and substantial drop in 
neutron porosity are present. This facies is usually 2–4 ft thick within the study area but 
can be nearly 9 ft in three select areas, as discussed in chapter 5 (Fig. 5.10). The 
thinness of the middle laminated facies, tightly packed between upper and lower 
bioturbated facies, makes resolution of the middle laminated facies difficult but not 
impossible. 
The amount of surface area for interstitial water, provided by the clays within the 
Codell Sandstone, is key to understanding how hydrocarbons present are masked by 
well log responses. Figure 4.17, on the following page, clarifies this concept visually 
and shows how smectite (montmorillonite) adds a significant amount of surface area, 
both internally and externally, allowing cations and water molecules to bind to and 
within its crystal structure. Due to internal surface area, the total surface area of 
smectite is 26.67 times greater than that of illite. Smectite has 40,000 times the surface 
area of fine-grain quartz. Smectite is the only clay present with internal surface area.
Understanding the intrinsic properties of the Codell Sandstone constituents 
provides the means and ability to directly correlate core with well log curves as 
described above. 
Figure 4.18, on page 80, shows how a visual comparison of the three facies 
examined in core can be matched to their respective well log curves. The core and well 
logs are from the Bass Belvoir #25-12 well and correlated to gamma ray (left side),
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Figure 4.17:  There is a significant difference in surface area between clays and quartz 
sand grains, especially smectite. The crystal structure of smectite captures free 
interlayer cations and water molecules (modified from Passey et al., 2010). Black and 
white SEM images are of the four primary clays found in the Codell Sandstone with 
associated chemical equations:  illite, smectite, illite-smectite mixed layer clay, and 
kaolinite. Note, Kaolinite was only found and viewed in the middle laminated facies in 
SEM.
laterolog (upper right track), and same depths with repeated density porosity (solid 
line) and neutron porosity (dashed line) in the lower right track. 
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Figure 4.18:  Example of the three Codell Sandstone facies correlated to GR (left side), Laterolog (upper right), and 
Density Porosity with Neutron Porosity (lower right) logs. Well log is Bass Belvoir #25-12, Sec. 25, T13N, R68W. Note 
that the driller and logger KB values (not shown) differed by +/- 14 ft. The core had to be depth calibrated +6 ft to equal 





Mapping the subsurface of the formations pertinent to this study was completed 
using Petra software. This provided an understanding of regional structural and 
thickness trends resulting from deposition, erosion, compaction and tectonic changes 
through time. The Codell Sandstone and the Fort Hays Limestone were mapped in both 
structure and isopach. Only the structure of the top of the Carlile was mapped to 
compare structural trends with all three formations. Having derived the ability to pick the 
three facies of the Codell Sandstone in well logs, all three facies have also been 
mapped individually in structure and isolith. Each mapped facies tells an individual story 
of geomorphic and geologic processes that make up the present-day Codell Sandstone. 
5.2 Structure of the Study Area 
The major structural features of the top of the three mapped formations: Carlile 
Shale, Codell Sandstone, and Fort Hays Limestone are fairly well aligned with the 
overall features of the Denver Basin. All three formations steeply dip to the east on the 
western flank and shallowly to the west on the eastern flank. The asymmetrical synclinal 
basin axes of the three formations almost align in structural unison with slight local 
deviations. Significant structural variations between the three formations are masked by 
the general thinness of the Codell Sandstone on a regional scale. Local variations do 
exist on smaller scales than mapped here. All structure maps have been mapped and 
contoured in subsea elevation with sea level as the datum and a color contour interval 
of 100 ft, annotated on 1000 ft dark contours lines. The structural axis defined by the top
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of the Codell Sandstone shows close coincidence with the basin axis (Fig. 5.1). Total 
elevation change from the outcropping Codell Sandstone along the western edge of the 
basin to the lowermost top of the Codell Sandstone is approximately 9000 ft. The actual 
location and elevation of outcrops have not been mapped on Figure 5.1. The structure 
maps of the Fort hays Limestone and Carlile Shale are not shown here due to the fact 
that all three structures look almost identical as mapped over this large area. 
The structure of the Codell Sandstone in Figure 5.1 is also the structure of the 
upper bioturbated facies. The middle laminated facies and lower bioturbated facies vary 
little in structure from the upper bioturbated facies and are almost identical when 
mapped regionally. 
Figure 5.1:  Subsea structure map of the Codell Sandstone. Red line is the axis of the 
structure of the Codell Sandstone and closely approximates the axis of the Denver 
Basin. Color C.I.=100 ft, annotated interval = 1000 ft. Datum is sea level. 
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5.3 Isopachs and Codell Sandstone Facies Isoliths 
Whereas structure maps show little difference, isopach maps of the Codell 
Sandstone and Fort Hays Limestone mapped at a scale of tens of feet show much more 
variation. The Codell facies isoliths depict both the depositional and erosional 
environments of the Codell Sandstone through Codell Sandstone lithification time. 
The Fort Hays Limestone ranges in thickness (Fig. 5.2) from 10 feet to just over 
30 feet in the study area. The Fort Hays Limestone thickens to the northeast of the 
study area along a northwest to southeast trend. The thickest regions represent areas 
where the sea floor experienced less energy, allowing Fort Hays Limestone to 
accumulate faster than seafloor erosion. Differences in thickness in the study area could 
be due to localized erosional features experienced along the seafloor throughout Fort 
Figure 5.2:  Isopach map of the Fort Hays Limestone. Color C.I.=1 ft, annotated 
interval = 5 ft. Cooler colors represent thinner areas and warmer colors thicker. 
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Hays Limestone deposition. To fully understand whether differences in thickness across 
the study area are simply confined to this region or represent trends seen throughout 
the KWIS, a much larger study across several states is required. Figure 5.3 is an  
isopach of the Fort Hays Limestone across six states (Longman et al., 1998). 
Thicknesses from this study (red square) are in general agreement with those in Figure 
5.3 and slighter thicker to the northeast. The KWIS of Turonian time circulated in a 
counter clockwise gyre (Slingerland et al., 1996). Figure 5.4, following page, is KWIS
Figure 5.3:  Isopach map of the Fort Hays Limestone covering six states (Longman 
et al., 1998). C.I.=10 ft. Red square approximately outlines the study area.
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circulation at 10m depth (left image) and between 100-150m depth (right image). 
Warmer waters from the Proto-Gulf moved north up the east side of the KWIS and 
cooler waters from the Arctic flowed south down the western KWIS. Denser water 
collected at the core of the seaway through caballing and moved north and south along 
the thalweg (Slingerland et al., 1996). Thicker sediment in the east of the study could 
be due to warmer Proto-Gulf waters being more conducive to higher productivity during 
Ft Hays Limestone deposition. It could also be due to less post-depositional 
compaction than in the Denver Basin subsurface. The west edge of the study area was 
partially in or closer to the thalweg at times resulting in more sediment movement and 
erosion. Longman et al. (1998) interpreted the paleoenvironment during Ft Hays 
deposition, also showing counterclockwise flow in the KWIS and Fort Hays Limestone
a b 
Figure 5.4:  Mean annual steady-state circulation of water in the a) top 10m and b) 
100m-150m of water column (Slingerland et al., 1996). Red square approximates 
study area. 
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buildup to the east (Fig. 5.5). During early transgression of the Niobrara Seaway, 
flooding of the Hartville Uplift (HU in Figure 5.5) opened the KWIS to major influx of
warmer carbonate-rich waters from the southeast (Longman et al., 1998). This allowed 
for deposition of coccolith and planktonic foram rich limestone along the eastern 
portion of the KWIS. The Fort Hays transgression crossed a major surface of erosion 
on top of the Codell Sandstone at this time. 
The Codell Sandstone isopach (Fig. 5.6, following page) shows what may have 
been a depositional tract originating northwest of the study area. In chapter 3, Figure 
3.8 proposed the possible source and direction of hyperpycnal flows from the 
prograding delta of middle to late Turonian. The northwest-trending isopach thin 
(approximately 10 to 15 ft thick) in the western portion of the map may have been the 
Figure 5.5:  Reconstruction of deposition during Fort Hays Limestone time (Longman 
et al., 1998). HU, near the study area, stands for Hartville Uplift. 
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sediment conduit through which clastic sediments were transported southeast into the 
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Codell Sandstone into this region. The sediments were then distributed throughout the 
study area once in the shallow marine environment. Combined with the immaturity of 
the grains discussed in chapter 3, the Codell Sandstone isopach further supports a 
western source of sediment supply for the Codell Sandstone in the study area. 
Relatively higher energy sea currents from the northwest transported siliciclastic 
grains that were deposited onto the northeast and southwest flanks of the study area 
during regression of the Greenhorn Seaway. The southeast portion of the study area 
is thinner due to both limited supply of siliciclastic grains after grain fallout closer to the 
source and to erosion following post depositional uplift (Weimer and Sonnenberg,
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Figure 5.5:  Reconstruction of deposition during Fort Hays Limestone time (Longman 
et al., 1998). HU, near the study area, stands for Hartville Uplift. 
1983). Just to the southeast of the study area is a lacuna of Codell Sandstone that 
represents both a depositional hiatus in areas but primarily a vacuity. This lacuna trends 
southwest-northeast and is south of and parallel to the Wattenberg High. It is 
designated as the no sand region in Figure 2.7 (Weimer and Sonnenberg, 1983). 
The Codell Sandstone, in the study area, was deposited as alternating low 
energy sediment plumes that allowed organisms to populate and thrive in its silty 
substrates, with intermittent high-energy sediment fluxes. The isoliths of both lower and 
upper bioturbated facies characterize the overall isopach of the Codell Sandstone (Fig. 
5.7a and 5.7b, respectively, following page). Each show a northwest to southeast 
undercutting current supplying sediment to the region as explained above. The lower 
bioturbated interval represents initial regression across the unconformity at the base of 
the Codell Sandstone. The fact that the lower bioturbated facies is thicker in the 
northwest, towards the interpreted source of sediment supply, suggests that current flow 
from the northwest had lower energy and less erosional capability during deposition of 
the lower bioturbated facies. Lower energy during this time is also supported by the 
smaller grain size of the lower bioturbated facies discussed in chapter 3. This facies 
would be the least affected by top truncation during post-depositional erosion. 
In contrast, the upper bioturbated facies witnessed periods of higher energy 
currents resulting in deeper scouring by the northwestern to southeastern current. This 
is represented in the isoliths by the thinner blue and purple contoured regions. The 
higher energy flow had the ability to carry larger grains than those in the lower 
bioturbated facies. Low energy flow distributed sand and mud relatively evenly through 
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a 
b 
Figure 5.7:  Isolith maps of the Codell Sandstone a) upper bioturbated facies and the 
b) lower bioturbated facies. Color C.I.=0.5 ft, annotated interval = 10 ft. Cooler colors
represent thinner areas and warmer colors thicker.
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area. During times of higher velocity, spatial acceleration resulted in erosion and scour 
leaving a thinner region along the line of flow. The upper bioturbated interval likely
experienced the most erosion and top truncation because it is closer to the unconformity. 
Using the newest iteration of Blakey (2014) Western Interior Seaway maps, 
Figures 5.8a and 5.8b show the prograding delta responsible for the deposition of the 
Codell Sandstone in the study area. Figure 5.8a is pre-to earliest-Codell Sandstone 
deposition and Figure 5.8b is post Codell Sandstone and erosion during maximum 
regression of the Greenhorn Seaway. 
Figure 5.8:  Recreation of the Western Interior Seaway of the late Turonian during a) 
Prionocyclus hyatti, 90.9Ma and b) Scaphites whitfieldi, 89.8 Ma. The progression 
from a to b demonstrates delta building prograding towards the study area through 
Codell Sandstone time and later. b also represents maximum regression of the 




The middle laminated facies, mapped in isolith in Figure 5.9, was deposited as 
hyperpycnites and may have been a series of single event storm beds. The isolith of the 
middle facies indicates that it was protected from the erosional effects of the source of 
sediment from the northwest. This was most likely due to its rapid deposition during a 
series of high-sediment flux events or relatively chrono-synchronous events. Similar 
single event storm beds are seen today off the coast of Corpus Christi, Texas at Gum 
Hollow Delta. Since 1925, 68 tropical cyclones made landfall in or near Texas. Over an 
80 year period, storm runoff from the Gum Hollow Creek created a tropical-cyclone-
dominated delta (Garrison et al, 2013). Shoreline protuberances formed where Gum 
Figure 5.9: Isolith map of the Codell Sandstone middle laminated facies. ColorFigure 5.9:  Isolith map of the Codell Sandstone middle laminated facies. Color 
C.I.=0.5 ft, annotated interval = 5 ft. Cooler colors represent thinner areas and 
warmer colors thicker. Red arrows indicate likely hydrocarbon migration pathways 
into and through the thickest regions.
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Hollow Creek entered the steady waters of the Gulf of Mexico. Flooding surfaces 
formed followed by rapid hyperpycnal depositional events (hyperpycnal tempestites) 
(Garrison et al, 2013) that built up more rapidly than basinal processes could 
redistribute the sediment. The tempestites represent distinct and episodic deltaic growth 
events associated with the local landfall of tropical cyclones. They are described as 
generally being horizontally stratified in both the upper and lower parts. The upper most 
unit of the tempestite may be wave-rippled, rooted, and/or bioturbated or may be a local 
subaerial erosional or hiatal surface (Garrison et al, 2013). Evidence of subaerial 
erosional or hiatal surfaces were not seen in cores of the Codell Sandstone. However, 
the middle laminated facies agrees with the description of horizontally stratified 
tempestites becoming disturbed through wave-action at top and bioturbated in the upper 
most surface. 
Post deposition of the Codell Sandstone’s middle laminated facies, the 
uppermost portion (COD2-B) was subjected to low energy storm wave base and 
hypopycnal mud fallout. If the upper most unit of the middle laminated facies was 
scoured by high northwest-southeast flow, as postulated in Figure 5.7b, it’s masked by 
subsequent deposition and bioturbation of the upper facies. The actual total thickness of 
original deposition of the middle facies cannot be derived due to storm wave interaction 
at the very top of the hyperpycnal tempestite followed by repopulation of organisms into 
its upper architecture. The significant zone of the middle facies, to this study, is its 
preserved laminae. Since the siltier portion of the COD2-B cannot be distinctly resolved 
on well logs, the isolith of the upper bioturbated facies actually includes the higher clay 
content portion of the COD2-B tempestite. To clarify, the isolith of the middle laminated 
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facies only includes the cleaner laminated to HCS facies that can be determined on well 
logs. This becomes especially important in calculating SoPhiH in chapter 7. 
The red arrows in Figure 5.9 indicate the most likely paths for hydrocarbon 
migration through this facies, referred to here as the Codell hydrocarbon highway. This 
is due to the middle laminated facies having higher effective porosity and permeability 
than the lower and upper bioturbated facies. The arrows point in the direction of 
migration away from higher pressure created by zones where greater generation of 
hydrocarbons occurs, primarily the Wattenberg Field thermal anomaly. This is 




6.1 Source Rocks 
Source rocks are generally deposited during periods of sea level rise, while 
reservoir and carrier beds developed during periods of eustatic drop in sea level 
(Kauffman, 1984, pers. comm. in Tainter, 1984). Figure 6.1 highlights the stratigraphic 
relationship of source rocks and producing zones to the Codell Sandstone. The deposits 
from rising sea levels surround the Codell Sandstone both chronologically and 
stratigraphically above and below. Studies by Clayton and Swetland (1980) and Tainter 
Figure 6.1:  Generalized stratigraphic section of the Denver Basin with typical 
depth of formations. Asterisks represent conventional reservoirs and 
unconventional target pay zones. SR stands for Source Rock (Sonnenberg, 
2015).
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(1984) established an understanding of hydrocarbon generation in source rocks of the 
Denver Basin and their likely migration paths. These studies emphasized hydrocarbon 
sources of the D and J Sandstones, major production target zones of the Denver Basin 
for decades. Hydrocarbons not only migrated from lower source rocks into local 
reservoir formations but also through fracture systems and networks into the overlying 
Codell Sandstone. Yet, lower source rocks are not necessarily the primary sources for 
the Codell Sandstone. 
Source rocks in the Denver Basin that are responsible for generating 
hydrocarbons produced from the D and J Sandstones include the Mowry, Huntsman, 
and Graneros shales, Greenhorn Limestone, and the Carlile Shale (Clayton and 
Swetland, 1980). Due to the high level of Tertiary maturity observed in Cretaceous 
rocks, a significant amount of maturation occurred during Tertiary time (Tainter, 1984) 
(65 Ma - 1.8 Ma). Figure 6.2, on the following page, shows the growth and maturation of 
these source rocks with general direction of hydrocarbon migration through the J 
Sandstone (green arrows) and D Sandstone (orange arrows). The shaded area, 
representing mature hydrocarbons, shows that the north to south central portion of 
study area (red dashed square) has source rocks that have been within the mature oil 
window for at least 48 Ma. By present-day, maturation has spread to cover the entire 
study area. Migration paths were chosen based on present day structural features in the 
J and D Sandstones but the big picture indicates a general trend of eastward migration 
up the western-shallow low-dipping portion of the basin. By the end of Tertiary time (end 
of Gelasian stage, 1.8 Ma) there was a small amount of migration into the steeper 
eastern-dipping flank against the Front Range. During this period of increasing maturity, 
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hydrocarbons sourcing the Codell Sandstone from underlying source rocks would have 
migrated up through faults and fracture systems. While this study did not map out 
paleostructural highs of the Codell Sandstone, the lower porosity and permeability of the 
Fort Hays would have acted as a hindrance to further upward migration. Even lower 
porosity and permeability combined with the over pressuring of the Smoky Hill Member 
would only increase that hindrance. 
As a source rock, the Niobrara Formation would have a similar pattern of maturity 
spreading through the Denver Basin as depicted in Figure 6.2a, b, & c. Due to its higher 
relative elevation in the basin, the Niobrara Formation would have come into maturity 
slightly later than the Carlile Shale. 
The Niobrara Formation may be the most significant contributor to hydrocarbons 
in the Codell Sandstone. Recent research and drilling by Cirque Resources, with
Figure 6.2:  Position of mature source rocks (Mowry to Carlile Shale) overlaid on J 
Sandstone structure showing the growing maturation of source rocks in the northern 
Denver Basin during a) Lutetian to Chattian time (47.8 Ma -28.1 Ma) b) end of Tertiary 
time (to the Calabrian stage, 1.8 Ma) and c) present. Green arrows represent 
migration of hydrocarbons through the J Sandstone and orange arrows through the D 
Sandstone. The red dashed square approximately represents the study area. Pattern 
of hydrocarbon migration has been corrected for interpreted presence of 
paleostructural features of Middle Campanian age (modified from Tainter, 1984).
ca b
96
geochemical characterization completed by GeoMark Research, have typed oil from the 
Codell Sandstone to the Niobrara Formation and Mowry Shale (Sterling et al., 2015). 
Four of five oil samples were characterized to the Niobrara Formation and a single  
sample to the Mowry Shale, proving that hydrocarbons did indeed source the Codell 
Sandstone from much lower. If the Niobrara Formation is thermally mature then deeper 
known source beds and possible sources are indeed mature or even over mature. 
Thermal maturity of organic matter is the determinate factor in whether 
petroleum-generating reactions have taken place in a source bed. The type and 
concentration of kerogen distributed throughout source beds determines the quantity 
and type of hydrocarbons produced. The rate of generation of hydrocarbons is 
dependent on the temperature and duration of heating primarily driving chemical 
reactions within kerogen (Dow, 1978). 
This study concentrated on the Niobrara Formation as the primary hydrocarbon 
source. The thermal history of a source rock is more important to hydrocarbon 
generation than present temperature values or past maximum paleotemperatures 
(Momper, 1978). The depositional history of the Niobrara Formation in this region has 
been studied for some time and is well known. Three recent studies by Higley and Cox 
(2007), Anderson (2011), and Sonnenberg (2012) in and surrounding the study area 
have shown the Niobrara Formation has had ample time and suitable conditions to 
produce significant amounts of hydrocarbons. The Niobrara Formation of the western 
Denver Basin has been generating, migrating, and accumulating hydrocarbons for 
nearly 60 million years (Fig. 6.3, following page). This study attempts to show that 
generation, migration, and accumulation continue to this day by showing that a 
significant portion of the Niobrara Formation remains within the oil window.
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Thermal energy is one of several factors driving hydrocarbon migration. Post 
generation, the first appearance of hydrocarbon migration takes place at an 
approximate vitrinite reflectance value of 0.75% (Momper, 1978). The chemical 
reaction of converting kerogen to hydrocarbons is endothermic, just as melting ice or 
vaporizing water is endothermic. Kerogen absorbs energy in the process of expelling 
liquid and liquid to gas. Hydrocarbons warm the formations they travel through over 
tens of millions of years, possibly leaving a thermally traceable path. Mapping regions 
where Ro is inside the migration window (at or greater than 0.75%) shows the centers 
for migration. Comparing Ro with equivalent formation temperature to find regions 
where formation temperature is higher than Ro shows where thermally motivated fluids 
possibly traveled through but did not reset the value of Ro. 
Figure 6.3:  Geologic events chart specific to the Upper Cretaceous formations of the 
western Denver Basin. Grey regions represent primary events. The green represents 
generation of oil from the Greenhorn Carlile, Codell Sandstone, and Niobrara 
Formations (Higley and Cox, 2007). Start of generation loosely coincides with Farallon 
flat plate subduction and end generation well after Neogene extension and 
epeirogenic uplift.
98
An organically rich, hot gamma ray marker bed named the “K” zone exists within 
the C chalk of the Niobrara Formation. This marker bed was used as the thermal 
maturity datum to calculate synthetic vitrinite reflectance (Ro) values using the 
Smagala, Brown, and Nydegger (1984) method; explained below. BHT’s were corrected 
and normalized to the same relative depth within the C chalk (“K” zone) to closely 
correlate with the calculated Ro values and determine past and present maturation 
within the Niobrara Formation. 
6.2 Synthetic Vitrinite Reflectance (Ro) 
Vitrinite reflectance is a biological paleothermometer used extensively in the coal 
industry to determine the rank of coals, i.e. lignite, bituminous, anthracite. Vitrinite is a 
coal maceral derived from woody plant tissue with a black, glossy luster that becomes 
shinier as coals increase in rank. The shininess or reflectivity of vitrinite in incident light 
is used to determine the amount of metamorphism a coal sample has experienced. That 
sample is then ranked within the range of peat to meta-anthracite (Selley, 1998). A 
reflectance value, labeled Ro, measures the degree of reflectivity that empirically ranks 
the coal sample. Vitrinite is a primary component of coals and humic type kerogen. The 
empirical value of Ro can be used to derive the level of maturity within kerogen in the 
same manner as coals. The random reflectance of vitrinite particles is perhaps the best 
rank indicator for sedimentary kerogens because it is quantitative, discriminatory, and 
accounts for both time and temperature (Dow, 1978). 
The vitrinite reflectance and Denver Basin maturation study by Smagala, Brown,  
and Nydegger (1984) resulted in a log-log graph of vitrinite reflectance (Ro) vs. Niobrara 
“K” zone resistivity (Fig. 6.6). The “K” zone referenced in the study is a marker bed 
correlative throughout the Denver Basin. It is marked by high gamma and high resistivity
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in the C chalk. Following with Meissner’s (1978) observation that increasing resistivity in 
the Niobrara is due to increasingly higher indigenous oil saturation in the marls caused 
by increased maturation and hydrocarbon production, then resistivity is a good value to 
determine maturation. 
Figure 6.4 shows the empirical relationship between Ro values and hydrocarbon 
Figure 6.4:  Empirical relationship between Ro values (left) and hydrocarbon 
generation and destruction. Amorphous kerogen is composed of algal, phytoplankton, 
and sapropelic material of both marine and or lacustrine origin. Kerogen types I and II 
are represented in both amorphous and mixed columns. Kerogen type III is 
represented under the third column, humic (modified from Dow, 1978).
generation and destruction. Amorphous kerogen, shown in the diagram, is composed of 
algal, phytoplankton, and other sapropelic material. It can be both marine and or 
lacustrine in origin (Dow and O’Connor, 1982). Petroleum generation for kerogen types I
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and II are represented in both the amorphous and mixed columns. Kerogen type III is 
represented under the third, humic, column and produces only dry gas. 
Figure 6.5 combines the Longman et al. (1998) (Fig. 2.6) naming convention and 
Smagala et al. (1984) type log to show where the “K” zone marker was specifically 
Figure 6.5:  Smagala et al. (1978) type log uses a well in the center of this study’s 
study area – Amoco-Champlin 344 A-1, SW SW Sec. 25, T10N, R64W. Longman et 
al. (1998) naming convention and Niobrara Formation benches (color lines) have 
been added to clarify picks and correlate with Figure 2.6. Right log track is resistivity.
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picked on logs within the study area. The Smagala et al. (1984) best fit log-log line was 
used to derive synthetic vitrinite reflectance values from well log resistivity curves at the 
“K” zone. Picks of maximum resistivity in the “K” zone were plotted on the best fit log-log 
line (Fig. 6.6) and correlated to actual or derived vitrinite (Ro%) from 23 control wells.  
By back calculating the log-log line using the standard equation for a line with slope m 
and y intercept b, Ro can be found through the following equation: 
y = m * x + b     (6.1) 
Log(Ro) = m * Log(Rt) + b     (6.2) 
Ro = 10^(.392936 * Log(Rt) + Log(.2))    (6.3) 
Where: m = slope of the log-log line 
Figure 6.6:  Best fit log-log line of “K” zone resistivities from actual or derived values 
of vitrinite reflectance in 23 control wells (Smagala et al, 1984). 
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b = intercept of the vitrinite reflectance line 
Rt = maximum resistivity within the “K” zone 
Ro = vitrinite reflectance within the zone 
Using this equation in Petra, Ro values were created throughout the study area 
to show detailed hydrocarbon generation based on Figure 6.4. Figure 6.7 shows oil and 
gas generation, or the “oil window”, compared to burial chronology, depth, temperature 
Figure 6.7: Generation of oil and gas, “oil window”, depicted in deposition time, depth 
(ft), temperature (°F), and vitrinite reflectance (%Ro) (Modified from Bjørlykke, 1989; 
and Grotek and Janas, 2013).
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and Ro (Modified from Bjørlykke, 1989; and Grotek and Janas, 2013). Ro values were 
mapped and color contoured using these colors based on oil and gas generation. This 
color scheme is used in all maturity maps in this study in an attempt to keep colors and 
maturation values consistent. The catagenesis of kerogen rapidly increases oil 
generation with increasing temperature and pressure. At the start point of hydrocarbon 
generation temperature and vitrinite reflectance values are approximately 140°F and 
0.5% Ro under ideal conditions at a typical depth of 6,600 ft. As conditions in nature are 
rarely ideal, viewing the onset of oil generation as a range between 140°F (Ro = 0.5%) 
and 155°F (Ro = 0.6%) is more suitable. Oil generation rapidly increases to equivalent 
maximum between 205°F - 210°F (around Ro = 0.95%) and decreases to purely 
thermogenic gas generation, known as “cracking”, around 270°F (Ro = 1.5%). 
Thermogenic gas generation takes over above these values. 
Maximum wet gas generation is approximately 245°F (Ro = 1.2%) and maximum 
dry gas generation around 290°F (Ro = 1.8%). The Smagala et al. (1984) values, in 
agreement with Dow (1978) and Dow and O’Connor (1982), refer to peak generation, 
which is the maximum rate of generation. While the rate of generation decreases 
beyond peak values overall generation will continue to increase until the rate tapers off 
more rapidly. Maximum generation values will be higher than peak generation rates. 
Referring to peak rates, oil begins generation at Ro = 0.5% (140°F) and peaks at 0.6% 
(155°F). Wet gas generation begins at Ro = 0.8% (185°F) and dry gas generation 
begins at the peak of wet gas generation; Ro = 1.0% (215°F). Peak dry gas generation 
is Ro = 1.2% (245°F). These correlate to “K” zone resistivities of 16 ohm-m (onset of oil 
generation), 35 ohm-m (start of wet gas generation), 61 ohm-m (start of dry gas 
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generation), and 100 ohm-m (peak of dry gas generation) (Smagala et al., 1984). Color 
contours were cut off at Ro < 0.5% to show that no thermal generation of hydrocarbons 
have been recorded by the vitrinite reflectance paleothermometer. Increasingly darker 
green colors are used to show increasing oil generation and yellow into red colors to 
show wet gas into dry gas generation. The intensity of the color correlates to the 
intensity of generation. 
Figure 6.8 is the map contoured on “K” zone synthetic Ro values from 914 wells. 
The highest Ro regions are the northern most extents of Wattenberg Field included in  
Figure 6.8:  Synthetic vitrinite reflectance contoured on Ro values derived from 
resistivity logs with resistivity values picked at the “K” zone of the Niobrara C chalk. 
Colors are consistent with Figure 6.7. C.I.=0.05% Ro. Note the yellow maturity 
signature inside Silo Field. Fields and prospect areas in blue circles are: E = East 
Pony, G = Grover Field, H = Hereford Field, R = Redtail, and S = Silo Field. The 







this study and all of Silo Field. The northeasterly trend of the Colorado Mineral Belt is 
clearly seen stretching from the northeast corner of Wattenberg Field, designated by the 
orange dashed lines. Ro values near Wattenberg are as high as 0.95% and stretch to 
the edge of Colorado/Nebraska with Ro values around 0.5%. Other high reflectance 
trends are along the Front Range and beneath Hereford Field. The study area is well 
within peak oil generation and slightly less than half the study area is just below 
maximum oil generation. The west edge of Silo Field is the only region past maximum 
oil generation due to a few wells with higher values and a single high vitrinite reflectance 
point. That high value and corresponding “K” zone pick were checked and kept in place 
due to the heat anomaly at Silo Field seen in temperature maps below. 
6.3 Current Maturation from Bottom Hole Temperature 
Assessment of the current thermal maturity that the Niobrara Formation is 
experiencing can be accomplished by calculating the formation temperature within any 
of the desired benches. It is rare that the temperature of the Niobrara was tested on 
older wells when it was not the target zone. Calculations must be made to correct for 
cooler mud filtrate pumped from the surface, at or near surface temperature, mixing with 
much warmer fluids from the bottom hole formation. The corrected value must then be 
normalized to the Niobrara depth using the calculated temperature gradient specific to 
that well (xx°F / 100 ft) and conversion factor 1°C = 1.8°F. 
Since the difference between a BHT reading and the actual pre-drilling formation 
temperature can be as much as 18°F to 36°F (10°C to 20°C), it is essential to apply a 
correction to the bottom hole temperatures used in determining the thermal maturity of a 
formation (Harrison et al., 1983). A number of methodologies have been used to correct 
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BHT as an estimate of the pre-drilling formation temperature and can be divided into 
two groups. The methods utilized in the first group use sophisticated thermal models 
that describe the post-drilling wellbore temperature recovery. These methods apply 
mathematical models that describe how wellbore temperature recovers after circulation 
has been shut off and rely heavily on a large number of parameters, many of which are 
not usually reported in log headers (Nagihara et al., 2014). Among this family of 
methodologies, the Horner plot method is the most widely used (Lachenbruch and 
Brewer, 1959; Beardsmore and Cull, 2001). Though the Horner plot method will give a 
more accurate estimate of pre-drilling formation temperature with an accuracy of +/- 
14°F, the Horner method was not applied in this study. It requires a substantial number 
of parameters not readily available in log headers and a dataset of wells with three or 
more BHT readings taken at a specific depth over time (Peters and Nelson, 2009). In-
depth discussion of the Horner Plot method is beyond the scope of this paper except to 
simply explain that it is a preferred method if enough data is available. Multiple well logs 
with three or more temperature measurements in a specific area are rare. Gathering 
enough data to provide regional well control to accurately model a large area to 
prospect level is difficult. Within this study area, including several townships outside, 
less than 40 well logs with enough data were collected for a Horner method. This left 
several clusters of townships without a single measured temperature. 
The second group of methodologies seeks a statistical correlation between BHTs 
and more reliable temperature measurements, such as drill stem tests, formation 
pressure tests, cement bond logs, and temperature logs obtained weeks or months after 
wells have been completed. The measurements are then grouped by depth. Once 
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grouped, average differences between BHTs and the more reliable data are calculated. 
A statistical model can then determine a best-fit curve in order to describe the 
relationship between the depths and the temperature differences, thus generating a 
correction factor that can be added to the log recorded BHT (Nagihara et al., 2014). 
Harrison et al. (1983) proposed a correction factor as a polynomial function of depth in 
the state of Oklahoma: 




Where: T! = the correction factor in °C added to BHT in °C and 
z = the depth in meters 
The pre-drilling formation temperature, �! (in °C), can then be determined as: 
T! =  T!"# +  T! (6.5) 
Where: T!"# = the recorded BHT taken from the well log header and 
    converted to °C 
Since in-situ subsurface temperature measurements are not widely available or 
are too basin specific in other areas (Forster et al., 1995; Crowell and Gosnold, 2011; 
Dingwall and Blackwell, 2011; Morgan and Scott, 2011), the Harrison method has also 
been used to correct BHTs reported from wells outside of the Harrison et al. (1983) 
Oklahoma area (Blackwell and Richards, 2004; Richards and Blackwell, 2012). Unlike 
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the Horner plot method, the Harrison method only requires one BHT measurement. 
However, based on the comparative study of the two methods conducted by Nagihara, 
Christie, and Richards (2014), Harrison’s method yields pre-drilling formation 
temperatures 7°F to 9°F (4°C to 5°C) higher than the Horner plot method, on average. 
An additional method for correcting BHT data is presented by Corrigan and 
Bergman (1996) and Corrigan (2003). This method utilizes drill stem test temperature 
and adjacent log derived BHT data from 983 DST-BHT pairs to define a correction that 
is dependent only on the time since circulation stopped prior to logging. Equilibrium 
temperature (�!") estimates result in a standard deviation of +/- 10°F to 20°F at a post-
circulation time of 10 hours and decreases to +/- 5°F – 10°F after time since circulation 
of 30 hours. The corrected BHT (�!", in °F) using this method is given by: 
T!" = a ∗ e
!
!!"
! +  T!"# (6.6) 
Where: Teq = equilibrium temperature or formation temperature 
a = 48°F 
t!" = time since circulation stopped (in hours) 
b = 29.6 hours 
Figure 6.9, on the following page, is typical of regional well logs. Some data is missing 
in portions of the log header but BHT and time since circulation has been recorded. 
Most wells have BHT recorded but time since circulation is not always present. If no 
time since circulation is given, Corrigan (2003) recommends solving for Teq by simply 
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T!"#$ = T!" −  T!"# / (TD  / 100 ft) (6.7) 
Where: T!"#$ = temperature gradient for corrected BHT 
T!"# = avg annual ground surface temp in Weld County 
TD  = total depth 
adding 33°F to the recorded BHT as a last resort. For consistency in comparing  
calculations the last resort method was not included. Wells with no recorded time since 
circulation data were discarded in BHT calculations. 
The datum used as the zero point from which to begin depth measurement, 
typically the Kelly Bushing (KB), and TD are measurements necessary to calculate a 
temperature gradient. The corrected temperature of the bottom hole formation can 
now be used to calculate a corrected temperature gradient (xx℉ / 100 ft) using: 
Figure 6.9:  Example of a well log header with a BHT of 158°F and time since 
circulation of 2 hours.
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�!"# can usually be found listed by county or reported by a regional breakdown within 
the states. This study referred to the U.S. Department of Agriculture’s Natural 
Resources Conservation Service website for Weld County (NRCS, 2016) where daily 
soil temperatures are taken at depths of 2 ft, 4 ft, 8 ft, 20ft, and 40 ft. The data used 
here is from the 40 ft depth, starts on September 13th, 2013, and includes all days until 
present (as of this writing April 2016). 
Both the Harrison and Corrigan methods were used to correct BHTs and 
estimate the pre-drilling formation temperature of the Codell Sandstone. Since the 
Corrigan method has a constant value for temperature, � = 48°F, in its formulation, 
three separate calculations were made varying the average surface temperature. The 
first calculation was made holding � constant at 48℉, which is the temperature that 
Corrigan uses in his calculation. This calculation resulted in a correction factor that 
ranged from 35°F to 47°F for time since circulation values up to 10 hours and a 
temperature gradient of 1.47°F/100 ft to 3.69°F/100 ft in this part of the basin. Longer 
periods between end of circulation time and logging results in lower differences between 
logged BHT and Teq. For example, three days after circulation Teq is only 3°F - 4°F 
higher than logged BHT. The second calculation holds � constant at 48.82°F, which is 
the average daily soil temperature for Weld County, since September 9th, 2013 to the 
end of April 2016 (NRCS, 2016). This was conducted to test how sensitive the model 
was to minor changes in the value of � and to validate using actual recorded values 
inside the study area. As expected, the temperature equivalent values were almost 
exactly equal in both the 1st and 2nd calculations. The third calculation used a varying 
surface temperature based on the temperature of the mud filtrate. The temperature of 
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mud filtrate is taken during the reading of its resistivity and recorded in the well log 
header under Rmf. The assumption is that the mud filtrate temperature would be the 
primary factor in cooling formation temperature due to the circulation of mud through the 
bottom hole. This resulted in significantly larger Teq values than using a = 48°F. Using 
Rmf temperature is an invalid substitute into Corrigan’s time since circulation correction 
and was dropped as a viable option. The Harrison method resulted in higher correction 
factors with a slightly wider range (except for the Corrigan calculation that used Rmf 
temperature) with a minimum correction factor of 44°F and a maximum of 64°F. 
After evaluating the data sets from these methods, the Corrigan time since 
circulation method was chosen to be used in this study due to having lower overall 
corrected BHT’s. The inherent error in correcting for cooler BHT’s is reasonably 
assumed to be lower with this method making the data set more practical. In an attempt 
to use real world values, the constant � = 48.82°F was used to accurately represent 
actual temperatures within the study area. Even though the difference is negligible, had 
the average Weld County soil temperature been much more different, then that real 
world value would have been used for �. 
With the “K” zone picked previously for creating synthetic Ro, a consistent 
lithologic depth can be used in the study area for normalizing BHT. Normalizing (Tnorm) 
the corrected BHT (Teq) up to the “K” zone depth, or in rare cases down to the “K” zone, 
was accomplished by using the �!"#$ for each individual well: 
Tnorm = Teq - ((TD - “K” zone depth) / 100 ft) * Tgrad (6.8) 
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Due to the significant faulting and fracturing inherent in the Niobrara Formation, 
the “K” zone was not present in a few logs. It is possible to pick a bench in the Niobrara 
Formation representing the closest depth of the missing “K” zone. However, synthetic 
Ro data would have been impossible to approximate. Where a “K” zone has been 
faulted out, no temperature correction was calculated since no comparison could be 
made with synthetic Ro. 
Typical corrected temperature gradients calculated in this area range from 1.7°F / 
100 ft to 2.4°F / 100 ft. A Colorado Geological Survey (Dixon, 2002) study found the 
average temperature gradient in the Denver Basin to be 1.7°F / 100 ft. That gradient 
correlates with results found in this study when applied outside of the Colorado Mineral 
Belt and Wattenberg Field. The Colorado Geological Survey (CGS) study also 
discovered that the temperature gradient in the hottest parts of Wattenberg Field 
reached as high as 5.5°F / 100 ft. The CGS study concluded that surface temperatures 
plotted by month have little to no apparent affect on BHT’s compared to using averaged 
surface temperatures. It also found that corrected bottom hole temperatures introduce 
too many errors and are therefore not as useful as uncorrected bottom hole 
temperatures. 
Regional temperature maps of the Niobrara “K” zone were created in Petra using 
the same color scheme already presented in Figure 6.7. Figure 6.10, on the following 
page, is corrected BHT normalized (Tnorm) to the Niobrara “K” zone. Warmer 
temperatures clearly trend northeast out of Wattenberg Field and delineate the 
Colorado Mineral Belt. The northern extents of Wattenberg Field and Silo and Hereford 
Fields also map as warm areas. The western edge of the study area looks cool due to  
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higher subsurface elevation of the formation nearer the outcropping region along the 
Front Range. Comparing this map to Figure 6.8, the synthetic Ro map, shows that 
corrected-normalized BHT’s are significantly hotter than calculated Ro values. The 
hottest regions generally align. However, a warmer trend in the corrected-normalized 
BHT map exists in the west central portion of the study area between Wattenberg Field 
and Silo Field. A second temperature map (Fig. 6.11, following page) was created due 
to the significant difference in maturity values between the corrected-normalized BHT 
map and the synthetic Ro map. 
The second temperature map is contoured on uncorrected bottom hole 
temperatures that have been normalized to the “K” zone. The temperature gradients for 
Figure 6.10:  Corrected BHT values normalized to the “K” zone. Green colors 
represent oil generation, light yellow is the beginning of wet gas generation, and red 
dry gas generation. Brightness of colors is used to represent maximum generation. 
Values less than 140°F (no generation) are not colored. C.I.=5°F.
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this map were calculated in the same way as for corrected BHT gradients but used 
uncorrected bottom hole temperatures to calculate the gradient. Normalizing BHT to the 
“K” zone without correction creates a more reasonable maturity depiction when 
compared to the synthetic Ro map. This is in agreement with CGS (Dixon, 2002) 
conclusions. Correcting BHT over the entire study area induced too many errors making 
uncorrected BHT more useful. The normalized temperature method shows an 
approximation of the current formation temperature. 
Hereford Field shows very hot relative to the surrounding area, which contours 
cooler using uncorrected BHT. The synthetic Ro map displays the west central region of 
the Wyoming portion of the study area, between Wattenberg Field and Silo Field, as just 
Figure 6.11:  Uncorrected BHT values normalized to the “K” zone. Green colors 
represent oil generation, yellow wet gas generation, and red dry gas generation. 
Brightness of colors is used to represent maximum generation. Values less than 
140°F (no generation) are not colored. C.I.=5°F.
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beyond onset of generation. The uncorrected-normalized BHT map indicates the region 
between Wattenberg Field and Silo Field in both Colorado and Wyoming is well beyond 
onset of generation and nearing maximum oil maturity. Without correcting for mud 
circulation cooling the bottom hole fluids, Figure 6.11 implies the entire study area, east 
of the shallower Front Range region, is currently well into the “oil window”. 
Differences between BHT and Ro in this region could be due to recent migration 
of warmer subsurface hydrothermal fluids from the Wattenberg Field toward Silo Field. 
For that to be true, this migration had to have taken place relatively recently. Ro is a 
paleothermometer of the highest residual heat the formation was subject to over a 
period of time. Full coalification of buried organic material at temperature (organic 
metamorphism) happens within 1 million years. After 1 million years, under constant 
temperature, burial time has no further influence on the paleothermometer. The Ro 
value is permanently set (Price, 1983). Price (1983) explains that full organic maturation 
is more likely complete within 1ka – 10ka. After organic metamorphism is complete, 
metamorphic regression is impossible. The current temperature the formation is 
experiencing today is not necessarily the highest temperature the formation has 
experienced throughout depositional history. Ro values can never decrease but may 
increase if the system is subjected to higher temperatures at a later time. 
Figure 6.12, on the following page, was created to better understand the 
difference between synthetic Ro and normalized BHT. Ro was converted to a 
temperature equivalent value  (°F) and subtracted from normalized BHT. The resultant 
map clarifies where normalized BHT is higher at present than fully metamorphosed Ro 
values. This map essentially acts as migration of hydrocarbons map. The white region 
116
represents areas where Ro (converted to equivalent °F) = normalized BHT. Red is used 
to show where normalized BHT is higher than converted Ro and blue where converted 
Ro remains higher. Red regions represent where warm hydrocarbons have migrated 
and not had enough time to  reset vitrinite reflectance to higher values. Average 
difference between “K” zone temperature and Ro temperature equivalent is 10-20°F. As 
expected, the shallow western most edge of the study area has higher Ro due to the 
uplift of the Front Range after Ro values were permanently set. The map suggests that 
heat (in the form of hydrothermal fluids) is currently flowing: a) from Wattenberg to the 
northeast, b) radially out from Hereford Field to the west, north, and east, and c) out 
from the northwest-central region of the study area to both the north and east. 
Figure 6.12:  Temperature converted Ro (°F) subtracted from normalized BHT values 
contoured in red to show where normalized BHT is higher and blue to show where 
converted Ro is greater. C.I.=5°F. Red represents hydrothermal migration.
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Generated hydrocarbons will migrate away from over pressurized zones, 
distributing their heat of generation along the path of migration. Figure 6.13 goes 
beyond the traditional model of kerogen in the “oil window”. It accounts for further 
reactions that take place due to supply of hydrogen and oxygen from water and 
minerals naturally within the formation. Approximately 5% by weight of oil-generating 
organic matter is converted into CO2, (Momper, 1978). CO2 and organic acid production 
will increase well past maximum generation of thermogenic gas and continue to over 
pressurize the source (Seewald, 2003). Carbonates precipitate in the presence of CO2, 
reducing pore volume, thereby increasing pore pressure (Momper, 1978). Taking this 
into consideration is important due to microfracturing of source rocks and forced 
Figure 6.13:  Oil window with production of CO2 and natural gas accounting for 
formation water and minerals providing hydrogen and oxygen (Seewald, 2003).
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migration from overpressure as a consequence of extensive generation resulting in 
further hydrocarbon expulsion and migration. The type of generation that has occurred 
in Wattenberg Field would be responsible for over pressurizing the southern portion of 
the study area and forcing hydrocarbons north. 
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CHAPTER 7 
BULK VOLUME HYDROCARBONS CALCULATIONS 
7.1 Method for Calculating SoPhiH 
SoPhiH was calculated and mapped across the study area. SoPhiH is a 
calculation of hydrocarbons in place by using both percent porosity and height 
(thickness) of the reservoir. Essentially it is a calculation of bulk volume hydrocarbons 
present in the formation. So = 1 – Sw is used here, which means So includes both 
saturation of oil and gas and thus stands for saturation of hydrocarbons, not saturation 
of oil alone. 
Neutron porosity readings in clay-rich sands will be higher than actual formation 
porosity. This is called “shale effect” and is due to reading hydrogen in the clay bound 
water along with water in the pore space (Asquith and Krygowski, 2004). As discussed 
in chapter 4, clays affect many well log responses. Several steps have to be applied to 
account for shale effect before a valid SoPhiH can be calculated and mapped 
regionally. 















!    (7.3) 
120
Where: F = formation factor 
a = tortuosity factor 
ϕ = porosity 
m = cementation exponent 
n = saturation exponent 
Rw = resistivity of formation water 
Rt = true formation resistivity 
Clean sands use values of a = 1 and m = n = 2. These numbers are also used in the 
Archie Equation as a default when better values have not been scientifically determined. 
Using these values of a, m, and n in clay rich sands results in extremely high 
calculations of Sw. In fact, simply plugging in a = 1 and m = n =2 into calculations in this 
study area calculates a Codell Sandstone that is completely water wet from Wattenberg 
Field to Silo Field, including producing wells because of the universally low resistivities. 
This is typical for shaley sandstone reservoirs that can be classic low-resistivity pay 
zones. 
The most accurate values for a, m, and n are calculated from core in the 
laboratory. Many researchers and companies have studied shaley sand in depth and 
come up with a plethora of methods, equations, and variables to more accurately 
compensate for shale effect. The two leading equations for shaley sands, the Waxman-
Smits equation and the dual water equation, calculate Rt based on the measure of 
shaleyness (Goolsby et al., 1996). Waxman-Smits equation specifically uses empirically 
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   (7.4) 
Where: Q = measure of shaleyness based on heightened 
conductivity 
The dual water method accounts for the fact that CEC cannot be measured from logs 
and that CEC measurements from core are rare. Without access to laboratory 
measured values of CEC and resistivities of shales, volume of shale (Vsh) methods are 
used to correct porosity for clay content (Asquith and Krygowski, 2004). The dual water 
method in the study area is difficult to apply since it requires resistivity measurements 
from nearby shales and clean sands. The Codell Sandstone in this region is anything 
but clean. Therefore these two methods were not used here. 
Two models were used concurrently for calculations of Sw in this study. The Fertl 
(1975) equation, which does not use a, m, and n and Archie’s equation with suggested 
values for clay rich sands. First Rw and porosity had to be determined. 
The first variable collected and regionally mapped was Rw (Fig. 7.1, following 
page). The method of calculating Rw from the SP curve is difficult to impossible in the 
Codell Sandstone. SP logs show little to no deflection due to mud-formation water 
similarity. The deflection to the left in the presence of the clay rich sandstone is 
extremely small in most logs and almost non-existent in the rest. Examples or reports of 
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100% water saturated reservoir quality Codell Sandstone have not been found, which 
makes Pickett plots uncertain. 
Rw values were taken from well log trailers where they were reported. The logger 
or operator calculated these Rw values at the time of recording. The well log trailer is 
the bottom of the log where several valuable calculations and variables can be found. 
Well log trailers are rarely included in most logs. Rw’s from wells in Wyoming were 
calculated from produced water analysis data from Codell Sandstone producing wells. 
These data are found listed under individual well’s scout sheets on the Wyoming Oil 
and Gas Conservation website at http://wogcc.state.wy.us/ . Like log trailers, water 
analysis is also rare but very valuable when posted. Rw’s range from 0.07 ohm-m north 
of Wattenberg to 0.19 ohm-m in northern Silo Field. Values of Rw were interpolated 
Figure 7.1:  Resistivity of formation water (Rw) mapped across the entire study area. 
Produced water samples to the north are slightly less saline, resulting in higher 
resistivity of formation water. Green is used to show lower Rw and orange is 
highest. 
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throughout the region by mapping and contouring Rw across the study area (Fig. 7.1). 
These contoured values were then pushed into each well by using the grid sampling 
ability within Petra and used for individual calculations by well. The smoothness of the 
contouring is a consequence of both limited well control and limited data with respect to 
reported Rw’s and produced water samples. However, these data definitively show an 
existing Rw gradient moving from more saline formation water (more conductive) in the 
south to less saline (less conductive) and fresher in the north. This is possibly due to 
fresher water influx from the Hartville Uplift. 
Effective porosity (ϕEff) must be calculated to determine the amount of movable 
hydrocarbons through porous media. Total porosity includes the immobile clay and 
capillary bound water that will not produce from the formation as well as producible 
fluids (Fig. 7.2). Effective porosity is the portion of total porosity that is also physically 
Figure 7.2:  Visual definition of porosity types. Total porosity includes all pore space 
within the system. Effective porosity accounts only for those fluids that are movable 
(Cluff et al., 2014, Cluff and Krygowski, 2015).
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interconnected such that fluids can move through the pore system (Cluff et al., 2014).
The volume of clays present (volume shale, Vsh) must be calculated first to 
account for the immovable clay bound water. Vsh was calculated from neutron and 





)    (7.5) 
Where: ϕ! = neutron porosity 
ϕ! = density porosity 
ϕ!"# = sandstone neutron porosity in shale 
ϕ!"# = sandstone density porosity in shale 
Vsh was calculated in all three facies to allow for further individual calculations within 
each facies. While the middle laminated facies typically had the lowest values of Vsh, 
that was not always true in every well. A very small number of wells had a middle 
laminated facies with the highest value of Vsh. This may be due to errors within this 
calculation for Vsh in cleaner sand or the log response could have been affected by the 
COD2-B subfacies. 
Effective porosity was then calculated using the Schlumberger method 
discussed in Asquith and Krygowski, 2004: 
ϕ!" =  ϕ! −
!!"#
.!"
∗  0.03 ∗ Vsh    (7.6) 
ϕ!" =  ϕ! −
!!"#
.!"
∗  0.13 ∗ Vsh    (7.7) 
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   (7.8) 
Where: ϕ!" = shale corrected neutron porosity 
ϕ!" = shale corrected density porosity 
Average values for effective porosity range from 12% to 15% and seldom reach as high 
as 20 to 21%. The effective porosity calculation pulls density porosity up approximately 
2% to 3%. It has a much larger effect on neutron porosity, decreasing it by roughly 9% 
to 11%. Highest effective porosities align fairly well with the north-south running basin 
axis and with the Colorado Mineral Belt. Low porosities were mapped in purple and 
higher porosities in green (Fig. 7.3a, 7.3b, and 7.3c). Effective porosity transitions from  
a 
Figure 7.3a:  Effective porosity (ϕ!"") of the three Codell Sandstone facies. The 
three facies are displayed in stratigraphic order: a) Upper bioturbated (CONTINUED)







Figure 7.3b and 7.3c:  (CONTINUED) b) middle laminated, and c) lower 
bioturbated at bottom. Low porosity to higher porosity is color contoured purple to 




purple to green at 9% porosity and above. There’s clearly a significant portion of the 
study area with greater than 9% porosity. ϕ!"" was used in all calculations in place of ϕ. 
Having values for Rw and ϕ!"" in each well (those with porosity logs), Sw was calculated 
next. Both the Fertl (1975) and Archie equations were investigated in this study. Fertl 














)    (7.9) 
Where: a = a log derived combined effect of density and acoustic 
data of the reservoir rock and its fluid content, an empirical 
formation or area value. 
This is not the same from the Archie equation. It can be a number between 0.15 to 0.36 
and is determined regionally. Fertl explains 0.25 is satisfactory in many regions. Asquith 
and Krygowski (2004) suggest 0.35 be used in the Rocky Mountain region and is the 
number used in this study. 
Using the shaley sand values from Carothers (1968), where a = 1.65 and m = 
1.33, in the unmodified Archie equation, and leaving n at the standard value of 2, 
somewhat suitable values of Sw are obtained but way too small to explain current 
production numbers. The exponent n is greatly affected by cations in clays and 
somewhat defines the conductive characteristics of a sandstone, though not by itself. 
The value of n relates to how well conduction occurs in the presence of a non-
conductive hydrocarbon. This value will decrease in the presence of abundant, well 
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connected networks of pore-lining immobile water (Goolsby et al., 1996). Studies of 
shaley and tight gas sands (Kulha, 2010, Sneider and Kulha, 1993, Cluff at al., 2014) 
used values of n between 1.2 to 1.4 to achieve valid saturation levels for Sw. This study 
chose to keep the saturation exponent at the higher value of n = 1.4 to ward off arguably 
ridiculous values of Sw at lower values of n. While m seems low at 1.33, a decrease in 
the value of m is quantified by increased shale effect. Shale effect is due to the type of 
clay present and increases from lower effects in kaolinite sandstone to higher in illitic 
sandstones and the greatest where montmorillonite (smectite) is present (Goolsby et al., 
1996). The Codell Sandstone is rich in both illite and smectite. Clay volumes in 
hydrocarbon bearing reservoirs account for significantly larger total electrical current 
flow when compared to water bearing reservoirs (Etnyre and Mullarkey, 1996). The 
tortuosity factor, a, is a result of the tortuous path electrical current takes moving 
through porous rock. A higher value of the exponent a will increase water saturation 
numbers, especially at lower true formation resistivities (Rt). 
This study found that calculating Sw’s using the Fertl method was advantageous 
for very high levels of Vsh. At Vsh levels below 0.40 the Fertl equation rapidly became 
more water saturated than calculations using the Archie equation. At Vsh equal to or 
less than 0.10 the Fertl equation calculates almost completely above 100% Sw. A 
greater proportion of Codell Sandstone facies in the study area have Vsh numbers 
above 0.40 than those below. To compensate for the difference in the two methods, the 
Fertl equation was used for facies with Vsh > 0.40. The Archie equation was used to 
calculate Sw for facies with Vsh less than or equal to Vsh of 0.40. 
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Figures 7.4a, 7.4b, and 7.4c show the Sw for the three facies, upper, middle, and 
lower, from top to bottom, respectively. Green was used in the Sw maps to show areas 
with very low values of Sw in an attempt to highlight where hydrocarbons are in 
abundance. Likewise, blue represents water wet areas with the darkest blue regions 
being at 100% water saturation. The northern portion of the study area appears to have  
Figure 7.4a:  Water saturation (Sw) maps were created after running two equations to 
solve for water saturation. The standard Archie equation was used in facies where 
clays were in less abundance. The Fertl method was used to calculate water 
saturation in facies with greater than 0.40 Vsh. Blue color represents water saturated 
areas. Green was used to show low Sw values. Where Sw is low So is high because 
So = (1 – Sw). Thus green color on this map essentially represents oil-saturated 
regions. Darker green color indicates regions with greater saturation of oil. Darkest 
blue are regions of 100% water saturation. The transition from blue to green color 
scheme happens at Sw = 0.50. The wide dark line also represents Sw = 0.50 The 




the highest values of Sw. Well control becomes minimal here and accounts for skewed 
Figure 7.4b and 7.4c:  (CONTINUED) b) the map at top (this page) is the Sw of the 




contouring at the edge. 
Another factor facilitating higher Sw values in the north is the steadily increasing 
value of Rw from south to north. Besides higher Rw values there, the middle laminated 
facies has the lowest effective porosity in the north and northwest. High Rw and low ϕ!"" 
both contribute to higher Sw. 
Surprisingly, there exists a higher relative trend of Sw in the center of the study 
area, especially in the upper facies. This trend manifests as a southwest to northeast 
lineament directly southeast of Hereford and Grover Fields. Looking at mapped 
horizontal well placement and proposed horizontal drilling sites here shows that all 
current well activity stops along the west edge of this higher Sw lineament. 
SoPhiH was a simple calculation after solving all other parameters. Due to the 
necessity of compensating for the clay-rich Codell Sandstone, SoPhiH more properly 
represents effective bulk-mobile hydrocarbons residing in the thickness of each 
reservoir facies. A SoPhiH value of 1.0 equates to nearly 5 MMBO per 640-acre section. 
Each facies has a very different distribution of SoPhiH (Fig. 7.5a, 7.5b, and 7.5c 
following two pages). The lower bioturbated facies has higher SoPhiH nearer 
Wattenberg and along the western edge of the basin. The upper bioturbated facies has 
greater values to the north and northeast. This is possibly due to the rapid thickening of 
the Sage Breaks Member to the north, developing a more substantial seal for northerly 
migrating hydrocarbons. The middle laminated facies has approximately half the value 
of SoPhiH as each of the other two facies because it is typically a third to a fifth as thick 
as each of those. This means the middle laminated facies carries more hydrocarbons 
on a per acre-ft basis than the lower and upper bioturbated facies. 
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Figure 7.5a and 7.5b:  Bulk-mobile hydrocarbons in effective porosity and 
thickness of each facies. a) SoPhiH of the upper bioturbated facies, b) SoPhiH of 




Figure 7.5c:  (CONTINUED) c) SoPhiH of the lower bioturbated facies. Only green 
was used here to express higher values of SoPhiH in brighter green color. The wide 





1) Outcrop, core, and thin section studies of the Codell Sandstone show that it is
a shallow marine shoreface silty-sandstone. It is very fine at the base and coarsens up 
to fine to lower medium at top. The contact with the Fort Hays Limestone is clear in 
outcrop but not definitively clear in core and thin section. 
2) The Codell Sandstone consists of three primary facies: the lower bioturbated,
middle laminated, and upper bioturbated facies. Lower clay content in the middle facies 
creates different well log responses than the lower and upper facies. These facies can 
be picked individually in well logs and mapped regionally. Mapping the three facies 
individually tells the shoreface depositional history of the Codell Sandstone. It was 
sourced from the northwest by a southeast-prograding shoreline. Progradation occurred 
from southeastern Wyoming into north-central eastern Colorado towards what is now 
Denver. The thinning of the middle facies to the east and towards Wattenberg Field, 
where it almost completely disappears, represents the furthest extent of the hyperpycnal 
deposition. Multiple stacked sequences of the middle facies represent individual storms 
that occurred relatively close together in time. It may be possible to track and map these 
storm beds as they thicken and increase in number towards the northwest. 
3) During times of quiescence and low rates of deposition, life forms thrived in
the sandy and muddy seafloor. The heavily bioturbated sandstone represents the lower 
and upper facies of the Codell Sandstone. The coarseness of the grains in each facies 
illustrates that the sand grains did not travel far during deposition. Heavy storms created 
fluxes of sand that were deposited as hyperpycnites. These storm beds represent the 
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middle facies of the Codell Sandstone. The heavy flux of sand and made the seafloor 
impossible to support life until depositional rates slowed again. Opportunity feeders 
repopulated the organic rich upper most layers of tempestites. 
4) The maturation study of both synthetic Ro and temperature at the zone of the
Niobrara Formation shows the entire study area is thermally mature. Generation of 
hydrocarbons in the Niobrara Formation is currently taking place throughout the study 
area. 
5) The Codell Sandstone is likely sourced from both lower source beds and the
Niobrara Formation above with the Niobrara Formation as the primary contributor of 
hydrocarbons. 
6) The structure and lower clay content of the middle facies most likely acts as
the easiest avenue for migration of hydrocarbons. Hydrocarbons possibly migrate north 
from Wattenberg Field towards Silo Field and northeast paralleling the Colorado Mineral 
Belt anomaly. 
7) Formation water salinity decreases towards the north. This results in higher
resistivity and higher values for the variable Rw. 
8) Porosity is not consistent throughout the three facies regionally. Clay content
lowers the total porosity to an average effective porosity of approximately 12%. 
9) Water saturation increases towards the north. This is due to the higher value
of formation water resistivity, Rw, towards the north. 
10) In place hydrocarbons are not equally distributed throughout the three facies.
SoPhiH numbers are significant and express that the study area is rich in hydrocarbons. 
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CHAPTER 9
RECOMMENDATIONS FOR FUTURE WORK 
1) Study the ridgeline outcrop north of Weaver Ranch in detail. Should it be
possible to get access to the entire length of the ridgeline, and if the Codell Sandstone 
is exposed and preserved, the entire outcrop will tell a more significant story. 
2) Look into the formation water resistivity difference between Wattenberg Field
and Silo Field. Is it a smooth transition from more saline to less between the two fields 
as mapped here (Fig. 7.1) or is this superficial due to the small amount of data. 
Explaining why formation water becomes fresher towards the north (possible fresh 
water input from the Hartville Uplift) can change methods of exploration and drilling 
operations. 
3) Study the Fort Hays in depth in the same study area. While the Codell
Sandstone appears to have a significant amount of hydrocarbons present the Fort Hays 
Limestone may be just as rich in hydrocarbons or even more so. 
4) The Codell Sandstone may be named the same from southern Colorado to
southeast Wyoming but the sources of sandstone are not the same. The Codell 
Sandstone of this study is more likely linked to the Wall Creek Sandstone Member of 
the Frontier Formation. Trace and map the individual storm beds of the middle facies. 
Determining exactly where the individual tempestites thicken and thin, where they 







Anderson, A., 2011, Stratigraphy and petroleum potential of the Codell Sandstone 
Member of the Carlile Shale, northern Denver Basin, southeastern Wyoming: 
Master’s thesis, Colorado School of Mines, Golden, Colorado, 156 p. 
 
Asquith, G. and Krygowski, D., 2004, Basic well log analysis, second edition: 
American Association of Petroleum Geologists Methods in Exploration Series, 
no. 16, 244 p. 
 
Beardsmore, G., and Cull, J., 2001, Crustal heat flow:  A guide to measurement and 
modeling:  Cambridge University Press, U.K., 324 p. 
 
Bhattacharya, J.P. and MacEachern, J.A., 2009, Hyperpycnal rivers and prodeltaic 
shelves in the Cretaceous Seaway of North America:  Journal of Sedimentary 
Research, v. 79, p. 184-209. 
 
Bjørlykke, K., 1989, Sedimentology and petroleum geology:  Heidelberg, 
Springer-Verlag, p. 277-282. 
 
Blackwell, D., and Richards, M., 2004, Calibration of the AAPG geothermal survey of 
North America BHT data base:  American Association of Petroleum Geologists 
Annual Convention and Exhibition, Dallas, Texas, Paper #87616, 
https://pdfs.semanticscholar.org/53c0/71488d02ac86c8cfc2c6330817f4c5d7a0df.
pdf, (accessed 2016). 
 
Blakey, R., 2014, History of Western Interior Seaway of North America (Jurrassic- 
Cretaceous), DVD:  Ron Blakey, Colorado Plateau Geosystems, Arizona. Used 
with permission. 
 
Blatt, H., Tracy, R.J., Owens, B.E., 2006, Petrology: Igneous, Sedimentary, and 
Metamorphic, 3rd ed.:  New York, W. H. Freeman and Company, p. 270-281. 
 
Burk, C.A., 1956, Stratigraphic summary of the pre-Niobrara formations of Wyoming: 
Wyoming Geological Association, p. 91-98. 
 
Carothers, J.E., 1968, A statistical study of the formation factor relation to porosity:  The 
Log Analyst, v. 9, p. 38-52. 
 
Clayton, J.L., and Swetland, P.J., 1980, Petroleum generation and migration in Denver 
139 
 
Basin:  American Association of Petroleum Geologists Bulletin, v. 64, no. 10, p. 
1613-1633. 
 
Cluff, R.M., and Krygowski, D., 2015, Beyond porosity lithology from logs, Petroleum 
 Technology Transfer Council, Golden, 230 p. 
 
Cluff, S.G., Cluff, R.M., Hallau, D.G., and Sharma, R.J., 2014, Petrophysics of the 
Lance and upper Mesaverde reservoirs at Pinedale Field, Sublette County, 
Wyoming, USA, in Longman M.W., Kneller, S.R., Meyer, T.S., and Chapin, M.A., 
eds., Pinedale Field:  case study of a giant tight gas sandstone reservoir:  
American Association of Petroleum Geologists Memoir 107, p. 351-416. 
 
COGIS, 2016, Colorado Oil and Gas Information System: Colorado Oil and Gas 
Conservation Commission, http://cogcc.state.co.us/data.html#/cogis (accessed 
2016). 
 
Corrigan, J., 2003, ZetaWare utilities – BHT correction homepage, correcting bottom 
hole temperature data, ZetaWare, Inc, 
http://www.zetaware.com/utilities/bht/default.html, (accessed 2016). 
 
Corrigan, J. and Bergman, S., 1996, Thermal modeling and interpretation of thermal 
indicator data:  AAPG Convention and Exhibition, San Diego. 
 
Crowell, A., and Gosnold, W., 2011, Correcting bottom-hole temperatures:  A look at the 
Permian Basin (Texas), Anadarko and Arkoma Basins (Oklahoma), and Williston 
Basin (North Dakota):  Geothermal Resources Council Transactions, v. 35, p. 
735—738. 
 
Deacon, M., McDonough, K.J., Brinton, L., Friedman, S., Lieber, R., and Dunn, J., 2013, 
Stratigraphic controls on reservoir properties, Cretaceous Niobrara Formation, 
DJ Basin, Colorado:  American Association of Petroleum Geologists Search and 
Discovery Article #80314, 
http://www.searchanddiscovery.com/pdfz/documents/2013/80314deacon/ndx_de
acon.pdf.html, (accessed 2016). 
 
Dingwall, R., and Blackwell, D., 2011, Geothermal map of Colorado, Wyoming, 
Montana, and Nebraska:  Geothermal Resources Council Transactions, v. 35, p. 
739—742. 
 
Dixon, J., 2002, Evaluation of bottom-hole temperatures in the Denver and San Juan 
Basins of Colorado:  Colorado Geological Survey, Department of Natural 




Dow, W.G., 1978, Petroleum source beds on continental slopes and rises: 
American Association of Petroleum Geologists Bulletin, v. 62, no 9, p.1584-1606. 
 
Dow, W.G., and O’Connor, D.I., 1982, Kerogen maturity and type by reflected light 
microscopy applied to petroleum exploration, in Staplin, F.L., Dow, W.G., Milner, 
C.W.D., O’Connor, D.I., Pocock, S.A.J., van Gijzel, P., Welte D.H., and Yukler, 
M.A., eds., How to assess maturation and paleotemperatures:  Society of 
Economic Paleontologists and Mineralogists Short Course 7, p. 133-157. 
 
Droser, M.L., and Bottjer, D.J., 1986, A semiquantitative field classification of 
ichnofabric:  Journal of Sedimentary Research, v. 56, no. 4, p. 558-559. 
 




Etnyre, L.M., and Mullarkey, J.C, 1996, Low contrast, low resistivity reservoirs – 
causes, pitfalls, environments of deposition, in Dolly, E.D., and Mullarkey, J.C., 
eds., Hydrocarbon production from low contrast, low resistivity reservoirs Rocky 
Mountian and mid-continent regions log examples of subtle pays:  Rocky 
Mountain Association of Geologists, p. 11-16. 
 
Evetts, M.J., 1976, Microfossil biostratigraphy of the Sage Breaks Shale (Upper 
Cretaceous) in northeastern Wyoming:  The Mountain Geologist, v. 13, no. 4, p. 
115-134. 
 
Fertl, W.H., 1979, Gamma ray spectral data assists in complex formation evaluation: 
The Log Analyst, v. 20, p. 3-37. 
 
Forster, A., Merriam, D., and Davis, J., 1995, Statistical analysis of some bottom-hole 
temperature (BHT) correction factors for the Cherokee Basin, southeastern 
Kansas:  Tulsa Geological Society, Tulsa, Oklahoma, 7 p. 
 
Frey, R.W., 1975, The study of trace fossils, a synthesis of principles, problems, and 
procedures in ichnology:  The stratigraphical significance of trace fossils:  New 
York, Springer-Verlag, p 109-130. 
 
Frey, R.W., and Howard, J.D., 1985, Upper Cretaceous trace fossils, Book Cliffs of 
Utah:  a field guide, in Castlegate and Blackhawk Formations, Book Cliffs, 
eastern Utah:  Rocky Mountain Section, Society of Economic Paleontologists and 
141 
 
Mineralogists Field Trip Guidebook, no. 10, p 10–115 - 10–152. 
 
Garrison, J.R., Miller, S.P., Mestas-Nunez, A.M., and Williams, J., 2013, Record of 
historical Gulf of Mexico storms preserved in the stratigraphy of Gum Hollow 
Delta, Nueces Bay, Texas, U.S.A.:  and example of tropical-cyclone-induced 
hyperpycnal deposition:  Journal of Sedimentary Research, v. 83, i. 1, p. 1-11. 
 
Geolex, 2015, Geologic names lexicon: U.S. Geological Survey National Geologic Map 
Database, http://ngmdb.usgs.gov/Geolex/search, (accessed 2015). 
 
Goolsby, S.M., Coalson, E.B., and Hartman, D.J., 1996, An overview of anomalous 
 resistivities in pay zones, in Dolly, E.D., and Mullarkey, J.C., eds., Hydrocarbon 
 production from low contrast, low resistivity reservoirs Rocky Mountian and mid- 
continent regions log examples of subtle pays:  Rocky Mountain Association of 
Geologists, p. 5-10. 
 
Grotek, I., and Janas, M., 2013, Thermal maturity of organic matter, in Sarnecka, 
E. ed., Shale gas as seen by Polish Geological Survey:  Polish Geological 
Institute – National Research Institute, p. 73-77. 
 
Harrison, W., Luza, K., Prater, M., and Cheng, P., 1983, Geothermal resource 
assessment in Oklahoma:  Oklahoma Geological Survey Special Publication 
83—1, 42 p. 
 
Hassan, M., Hossin A., and Combaz, A., 1976, Fundamentals of the differential gamma 
ray log, interpretation technique:  Society of Petrophysicists and Well Log 
Analysts Seventeenth Annual Logging Symposium, Denver, 18 p. 
 
Hattin, D.E., and Siemers, C.T., 1987, Upper Cretaceous stratigraphy and depositional 
environments of western Kansas:  Guidebook 39th Field Conference, p. i-i, 31- 
59. 
 
Haun, J.D., Hale, L.A., Goodell, H.G., McCubbin, D.G., Weimer, R.J., and Wulf, G.R., 
1972, Cretaceous system, in Mallory, W.W. ed., Geologic atlas of the Rocky 
Mountain region, Rocky Mountain Association of Geologists:  Denver, A. B. 
Hirschfeld Press, p. 190-228. 
 
Higley, D.K., and Cox, D.O., 2007, Oil and gas exploration and development along the 
Front Range in the Denver Basin of Colorado, Nebraska, and Wyoming, in 
Higley, D.K. ed., Petroleum systems and assessment of undiscovered oil and 
gas in the Denver Basin province, Colorado, Kansas, Nebraska, South Dakota, 
and Wyoming – USGS province 39:  US Geological Survey Digital Data Series 
142 
 
DDS-69-P, 41 p. 
 
Hilchie, D.W., 1979, Old electrical log interpretation (pre-1958):  Colorado, Douglas W. 
Hilchie Inc., 163 p. 
 
Kauffman, E.G., 1969, Cretaceous marine cycles of the Western Interior:  The 
Mountain Geologist, v. 6, no. 4, p. 227-245. 
 
Kauffman, E.G., 1977, Geological and biological overview:  Western Interior Cretaceous 
Basin, in Kauffman, E.G. ed., Cretaceous facies, faunas, and paleoenvironments 
across the Western Interior Basin:  The Mountain Geologist, v. 14, no. 3 and 4, p. 
75-99. 
 
Kaufman, E.G., 1984, Paleobiogeography and evolutionary response dynamic in the 
Cretaceous Western Interior Seaway of North America, in Westerman, G.E.G., 
Jurassic Cretaceous biochronology and paleogeography of North America: 
Geological Association of Canada Special Paper, 27, p. 273-306. 
 
Kauffman, E.G., 1985, Cretaceous evolution of the Western Interior Basin of the 
United States, in Pratt, L.M., Kauffman, E.G., and Zelt, F.B., eds., Fine-grained 
deposits and biofacies of the Cretaceous Western Interior Seaway:  evidence of 
cyclic sedimentary processes:  Society of Economic Paleontologists and 
Mineralogists Field Trip Guidebook, no. 4, p. IV-XIII. 
 
Kauffman, E.G., and Pratt, L.M., 1985, A field guide to the stratigraphy, geochemistry, 
and depositional environment of the Kiowa-Skull Creek, Greenhorn, and Niobrara 
marine cycles in the Pueblo-Canon City area, Colorado, in Pratt, L.M., Kauffman, 
E.G., and Zelt, F.B., eds., Fine-grained deposits and biofacies of the Cretaceous 
Western Interior Seaway:  evidence of cyclic sedimentary processes:  Society of 
Economic Paleontologists and Mineralogists Field Trip Guidebook, no. 4, p. FRS- 
1 – FRS-26. 
 
Kauffman, E.G. Sageman, B.B., Kirkland, J.I., Elder, W.P., Harries, P.J., and Villamil, 
T., 1993, Molluscan biostratigraphy of the Cretaceous Western Interior Basin in 
Caldwell, W.G.E. and Kauffman, E.G., eds., Evolution of the Western Interior 
Basin:  Geologic Association of Canada, Special Paper 39, p. 397-434. 
 
Kennedy, C.L., 1983, Codell Sandstone, D-J Basin’s new objective:  Petroleum 
Frontiers, v. 1, no.1, p. 4-34. 
 
Kulha, J., 2010, Low resistivity, low contrast pays:  Petroleum Technology Transfer 




Lachenbruch, A., and Brewer, M., 1959, Dissipation of the temperature effect of drilling 
a well in Arctic Alaska:  U.S. Geological Survey Bulletin 1083—C, 109 p. 
 
Laferriere, A.P., and Hattin, D.E., 1989, Use of rhythmic bedding patterns for locating 
structural features. Niobrara Formation, Unites States Western Interior:  
American Association of Petroleum Geologists Bulletin, v 73, no 5, p 630-640. 
 
Lewis, R.K., 2013, Stratigraphy and depositional environments of the late Cretaceous 
(Late Turonian) Codell Sandstone and Juana Lopez Members of the Carlile 
Shale, southeast Colorado: Master’s Thesis, Colorado School of Mines, Golden, 
Colorado, 190 p. 
 
Liu, S., Nummedal, D., and Liu, L., 2011, Migration of dynamic subsidence across the 
Late Cretaceous United States Western Interior Basin in response to Farallon 
Plate subduction:  The Geological Society of America, v. 39, p. 555-558. 
 
Locklair, R.E., and Sageman, B.B., 2008, Cyclostratigraphy of the Upper Cretaceous 
Niobrara Formation, Western Interior, U.S.A.:  A Coniacian–Santonian orbital 
timescale:  Earth and Planetary Science Letters v. 269, p. 540-553. 
 
Longman, M.W., Luneau, B.A., and Landon, S.M., 1998, Nature and distribution of 
Niobrara lithologies in the Cretaceous Western Interior Seaway of the Rocky 
Mountain Region:  The Mountain Geologist, v. 35, no. 4, p. 137-170. 
 
McLane, M., 1982, Upper Cretaceous coastal deposits in south-central Colorado – 
Codell and Juana Lopez Members of Carlile Shale:  American Association of 
Petroleum Geologists Bulletin, v. 66, no. 1, p. 71-90. 
 
Meissner, F.F., 1978, Petroleum geology of the Bakken Formation Williston Basin, 
North Dakota and Montana, in Williston Basin symposium:  Billings, Montana 
Geological Society, p. 207-227. 
 
Merewether, E.A. and Cobban, W.A., 1985, Tectonism in the Mid-Cretaceous foreland, 
southeastern Wyoming and adjoining areas:  Wyoming Geological Association 
Guidebook, p. 67-73. 
 
Merewether, E.A. and Cobban, W.A., 1986, Biostratigraphic units and tectonism in the 
Mid-Cretaceous foreland of Wyoming, Colorado, and adjoining areas, in 
Peterson, ed., Paleotectonics and sedimentation:  American Association of 




Merewether, E.A., Cobban, W.A., and Obradovich, J.D., 2011, Biostratigraphic data 
from Upper Cretaceous formations—eastern Wyoming, central Colorado, and 
northeastern New Mexico:  U.S. Geological Survey, 10 p. 
 
Momper, J.A., 1978, Oil migration limitations suggested by geological and geochemical 
considerations, in Roberts, R.J. and Cordel, R.J., eds., Physical and chemical 
constraints on petroleum migration: American Association of Petroleum 
Geologists Continuing Education Course Notes Series, no. 8, p. B1-B60. 
 
Moore, L.P., and Ramakrishnan, H., 2008, Restimulation:  candidate selection 
methodologies and treatment optimization:  American Association of Petroleum 
Geologists Search and Discovery Article #40337, 
http://www.searchanddiscovery.com/documents/2008/08268moore/ndx_moore.p
df, (accessed 2016). 
 
Morgan, P., and Scott, B., 2011, Bottom-hole temperature data from the Piceance 
Basin, Colorado:  Indications for prospective sedimentary basin EGS resources:  
Geothermal Resources Council Transactions, v. 35, p. 477—485.  
 
Nagihara, S., Christie, C., and Richards, M., 2014, Comparison of methodologies for 
correcting bottom-hole temperature measurements:  An example from the East 
Cameron and West Cameron Federal Lease Areas in the Gulf of Mexico:  Texas 
Tech University, Lubbock, Texas and Southern Methodist University, Dallas, 
Texas, 10 p. 
 
NRCS, 2016, US Department of Agriculture Natural Resources Conservation Service, 
Soil Moisture and Temperature (2013-09-12), 
http://wcc.sc.egov.usda.gov/nwcc/site, (accessed 2016). 
 
Ogg, J.G., Ogg, G., 2008, Late Cretaceous (65-100Ma time-slice) update to Ogg, J.G., 
Ogg, G., Gradstein, F.M., 2008, The concise geologic time scale:  Cambridge, 
Cambridge University Press. 
 
Passey, Q.R., Bohacs, K.M., Esch, W.L., Klimentidis, R., and Sinha, S., 2010, From oil- 
prone source rock to gas-producing shale reservoir – geologic and 
petrophysical characterization of unconventional shale-gas reservoirs: 
CPS/SPE International Oil & Gas Conference and Exhibition, Beijing, China, 
paper & presentation SPE 131350, 2010, 29 p. 
 
Paterniti, M., and Losacano, T., 2013, Evaluation and completion techniques in the 
Codell and Niobrara Formations of the Wattenberg Field:  Society of Petroleum 
145 
 
Engineers, Unconventional Resource Technology Conference, Denver, 7 p. 
 
Peters, K.E., and Nelson, P.H., 2009, Criteria to determine borehole formation 
temperatures for calibration of basin and petroleum system models, in Harris, 
N.B. and Peters, K.E., eds., Analyzing the thermal history of sedimentary basins:  
Methods and Case Studies, Society of Economic Paleontologists and 
Mineralogists Special Publication No. 103, p. 5-15. 
 
Pinel, M.J., 1983, Stratigraphy of the upper Carlile Shale and lower Niobrara Formation 
(Upper Cretaceous), Fremont, and Pueblo Counties, Colorado in Merewether, 
E.A, ed., Mid-Cretaceous Codell Sandstone Member of Carlile Shale eastern 
Colorado:  Rocky Mountain Section, Society of Economic Paleontologists 
Mineralogists, Spring Field Trip Guidebook, p. 67-95. 
 
Plint, A.G., 2010, Wave- and storm-dominated shoreline and shallow-marine systems, 
in James, N.P. and Dalrymple, R.W., eds., Facies models 4:  Geological 
Association of Canada GEOtext 6, p. 167-199. 
 
Price, L.C., 1983, Geologic time as a parameter in organic metamorphism and vitrinite 
reflectance as an absolute paleothermometers:  Journal of Petroleum Geology, v. 
6, no. 1, p. 5-38. 
 
Richards, M., and Blackwell, D., 2012, Developing geothermal energy in Texas:  
Mapping the temperatures and resources:  Gulf Coast Association of Geological 
Societies Transactions, v. 62, p. 351—363. 
 
Scott, G.R. and Cobban, W.A., 1964, Stratigraphy of the Niobrara Formation at Pueblo, 
Colorado:  U.S. Geological Survey Professional Paper, Report:  P 0454-L, p. L1- 
L30. 
 
Selley, R.C., 1998, Elements of petroleum geology:  San Diego, Academic Press, p. 
181-237. 
 
Seewald, J.S., 2003, Organic-inorganic interactions in petroleum-producing sedimentary 
basins:  Nature, v. 426, p. 327 - 333. 
 
Slingerland, R, Kump, L.R., Arthur, M.A., Fawcett, P.J.,  Sageman, B.B., and Barron, 
E.J., 1996. Estuarine circulation in the Turonian Western Interior Seaway of 
North America:  Geologic Society of America Bulletin, v. 108, no 7., p. 941-952. 
 
Smagala, T.M., Brown, C.A., and Nydegger, G.L., 1984, Log-derived indicator of 
146 
 
thermal maturity, Niobrara Formation, Denver Basin, Colorado, Nebraska, 
Wyoming, in Woodward, J., Meissner, F.F., and Clayton, J.L., eds., Hydrocarbon 
source rocks of the greater Rocky Mountain area:  Rocky Mountain Association 
of Geologists Guidebook, p. 355-363. 
 
Sneider, R.M.(B.), and Kulha, J.T.,1993, Low-resistivity, low-contrast productive sands, 
American Association of Petroleum Geologists Annual Convention, New Orleans: 
Robert M. Schneider, Houston, Texas, 201 p. 
 
Sonnenberg, S.A., 2011, The Niobrara petroleum system:  a new resource play in the 
Rocky Mountain region, in Estes-Jackson, J.E., and Anderson, D.A., eds., 
Revisiting and revitalizing the Niobrara in the Central Rockies:  Rocky Mountain 
Association of Geologists Guidebook, p. 13-32. 
 
Sonnenberg, S.A., 2012, The Niobrara petroleum system, Rocky Mountain Region: 
American Association of Petroleum Geologists Search and Discovery Article 
#80206, 
http://www.searchanddiscovery.com/documents/2012/80206sonnenberg/ndx_so
nnenberg.pdf, (accessed 2016). 
 
Sonnenberg, S.A., 2015, New reserves in an old field, the Niobrara/Codell resource 
plays in the Wattenberg Field, Denver Basin, Colorado:  European Association of 
Geoscientists and Engineers First Break, v. 33, p. 55-62. 
 
Sonnenberg, S.A., and Bolyard, D.W., 1997, Tectonic history of the Front Range in 
Colorado, in Bolyard, D.W., and Sonnenberg, S.A. eds., Geologic history of the 
Colorado Front Range 1997:  Rocky Mountain Section American Association of 
Petroleum Geologists, Field trip #7, p. 1-8. 
 
Sonnenberg, S.A., and Weimer, R.J., 1981, Tectonics, sedimentation and petroleum 
potential northern Denver Basin Colorado, Wyoming, and Nebraska:  Colorado 
School of Mines Quarterly, v. 76, no. 2, 45 p. 
 
Sterling, R.H., Bottjer, R.J., Smith, K.H., 2015, Codell Sandstone:  A review of the
 northern DJ Basin oil resource play, Laramie County, Wyoming and Weld
 County, Colorado:  American Association of Petroleum Geologists, Search and 
Discovery Article #10754, 
http://www.searchanddiscovery.com/documents/2016/10754sterling/ndx_sterling.
pdf, (accessed 2016). 
 
Tainter, P.A., 1984, Stratigraphic and paleostructural controls on hydrocarbon migration 
in Cretaceous D and J Sandstones of the Denver Basin, in Woodward, J., 
147 
 
Meissner, F.F., and Clayton, J.L., eds., Hydrocarbon source rocks of the greater 
Rocky Mountain region:  Rocky Mountain Association of Geologists Guidebook, 
p. 339-354. 
 
Ulmer-Scholle, D.S., Scholle, P.A., Schieber, J., and Raine, R.J., 2014, Diagenesis:  
clay cements, in A color guide to the petrography of sandstones, siltstones, 
shales and associated rocks:  American Association of Petroleum Geologists 
Memoir, 109, p. 271-296. 
 
Welton, J.E., 1984, SEM petrology atlas:  American Association of Petroleum 
Geologists Methods in Exploration Series, no. 4, 237 p. 
 
Weimer, R.J., 1978, Influence of Transcontinental Arch on Cretaceous marine 
sedimentation:  a preliminary report:  Rocky Mountain Association of 
Geologists-1978 Symposium, p. 211-222. 
 
Weimer, R.J., 1984, Relation of unconformities, tectonics, and sea-level changes, 
Cretaceous of Western Interior, U.S.A., in Schlee, J.S., ed., Interregional 
unconformities and hydrocarbon accumulations:  American Association of 
Petroleum Geologists Memoir, 36, p. 7-35. 
 
Weimer, R.J., 1996, Guide to the petroleum geology and Laramide Orogeny, Denver 
Basin and Front Range, Colorado:  Colorado Geological Society Bulletin, no. 51, 
127 p. 
 
Weimer, R.J., and Flexer, A., 1985, Depositional patterns and unconformities, Upper 
Cretaceous, eastern Powder River Basin, Wyoming, in Nelson, G.E., ed., The 
Cretaceous geology of Wyoming:  Wyoming Geologic Association 36th Annual 
Field Conference Guidebook, p. 131-147. 
 
Weimer, R.J., and Sonnenberg, S.A., 1983, Codell Sandstone, new exploration play, 
Denver Basin:  Oil and Gas Journal, v. 81, no. 22, p. 161-177. 
 
Weimer, R.J., Sonnenberg, S.A., and Young, G.B., 1986, Wattenberg Field, Denver 
Basin, Colorado, in Spencer, C.W., and Mast, R.F., eds., Geology of tight gas 
reservoirs:  American Association of Petroleum Geologists Studies in Geology, 
24, p. 143-164. 
 
Wilson, R.D., and Schieber, J., 2014, Muddy prodeltaic hyperpycnites in the lower 
Genesee Group of Central New York, USA:  Implications for mud transport in 




Whiting Petroleum Corporation, 2015, A stronger company set to prosper at current 
prices:  Independent Petroleum Association of America, Oil and Gas Investment 
Symposium, San Francisco, 
http://ww2.investorcalendar.com/CustomEvent/conferences/ipaa/20150420/pdf/





Six of the primary cores were described in detail and have been added as 
supplemental files. The core descriptions are 16 in. x 32 in. and were designed to be 
printed on a map printing capable plotter. Gamma ray, induction, density, and neutron 
logs are included and all depths have been matched to the core. Each facies and sub 
facies have been picked and are annotated. In order the cores are:  Bass Belvoir 
#25-12, Lazy D ZN #30-9, Chaney #27-33, Schroeder #1, Owl Creek #13, and Coal 
Creek Prospect.
